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Abstract 
The present research work is provoked by the remarkable properties of functional nanometer 
scale materials. Tailoring properties of such practical materials at nanometer scale has been a goal 
of great interest in material science research. The most attractive approach is to design layer by 
layer artificial thin film structures. This work reports the successful attempts to grow Ag-Ni 
multilayers and Sm-Co thin films at nanometer scale by using DC magnetron sputtering. The 
experimental results show the successful growth of polycrystalline Ag/Ni multilayers at room 
temperature and SmCo5 amorphous films. Ag/Ni multilayers have got considerable interest in 
recent years by virtue of their technological applications in giant magnetoresistance (GMR) sensors 
and perpendicular magnetic recording media. On the other hand, SmCo5 is an appropriate material 
for many applications, such as high-performance permanent magnets and high-density data storage 
media. Following four types of experiments were carried out: 
In first experiment, Ag/Ni multilayers have been grown on oxidised Si (100) substrates by DC 
magnetron sputtering at room temperature. The Ag thickness is varied in the range 2.5–20 Å. A 
combination of X-ray reflectivity, diffraction and transmission electron microscopy show that the 
films have excellent layering for all Ag thicknesses. This is due to the use of an amorphous AlZr 
wetting layer which promotes smooth, layered growth of the Ag and Ni. The results demonstrate 
the feasibility of growing good quality multilayers of high mobility metals on oxide substrates 
without substrate cooling. 
In second experiment, the thickness dependence of magnetic properties has been studied in 
SmCo5 amorphous films with imprinted in-plane anisotropy for thicknesses ranging down to the 
nanometer scale (2.5 – 100 nm). The field induced in-plane magnetic anisotropy decreases 
considerably when the film thickness is below 20 nm. Analysis of the magnetic anisotropy energy 
shows that the decrease of the induced in-plane anisotropy is accompanied by the development of 
an out-of-plane interface anisotropy. Two different regimes for the coercivity (Hc) change are 
found: below 3.75 nm, the Hc decreases continuously with decreasing the film thickness, whereas at 
above 3.75 nm, the Hc decreases with the increase of the film thickness. This change in Hc can be 
understood by considering the decrease of the short-range chemical order for the thinnest films 
(3.75 nm) and the relative decrease of the interface contribution with increasing ﬁlm thickness. 
The changes in anisotropy have profound influence on the domain structure, in which the angle of 
the zigzag domain boundaries decreases with the inverse thickness of the layers.  
In third experiment, Polycrystalline Ni thickness dependent Ag/Ni multilayers were grown 
by DC magnetron sputtering at room temperature on Si (100) substrates annealed at 550 °C. The 
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thickness of Ni layer was varied in the range 5–25 Å.  X-ray reflectivity, X-ray diffraction and 
transmission electron microscopy showed that the films had excellent layering for all Ni 
thicknesses. It was possible just because of the use of an amorphous AlZr buffer (wetting) layer 
which facilitated smooth and layered growth of the Ag / Ni multilayers. The results have 
established the viability of growing good quality multilayers on oxide substrates at room 
temperature. 
In fourth and final experiment, Ag/Ni multilayers of equal Ag and Ni thickness were grown by 
DC magnetron sputtering on Si (100) substrates at room temperature. The substrates were baked at 
550 °C. The structural and magnetic properties of Ag/Ni multilayers were investigated by using X-
ray reflectivity, X-ray diffraction, transmission electron microscopy (TEM) and magneto optic Kerr 
effect (MOKE). Moreover, the structural and magnetic properties of sputtered Ag/Ni multilayers 
were investigated as a function of annealing treatment. 
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Chapter # 1 
1.1 Introduction 
In order to investigate the stimulating material characteristics of nanoscale materials, 
outstanding improvements in preparation as well as experimental characterization methods, have 
been made in recent years. For such materials, symmetry along with low dimensionality are the 
key features responsible for distinctive physical properties which are absent in case of bulk 
materials. These features are very important both in nanotechnology and basic research. These 
nanoscale structures have had great inﬂuence on the information technology (IT) industry. 
For instance, in case of magnetic multilayers, the nanoscale ferromagnetic materials 
display magnetic as well as transport properties that cannot be shown in bulk layers. For 
example, giant magnetoresistance effect is the result of low dimensionality on a material’s 
properties [1, 2]. We can explore the low dimensional physical properties of materials in thin 
films as well as multilayers. 
The properties of these materials are strongly dependent on thickness variation, layer 
perfection, lattice mismatch between the elements and crystallinity. The main objective is to 
establish the connection between the structural and magnetic properties and to develop an 
understanding about the origin of ferromagnetism as well as the forces that mediate magnetic 
interactions. 
1.2 Thin Films and Multilayers 
The existence of magnetic sensors and memory devices, which are essential parts of 
computers, is possible just because of thin films and magnetic multilayers [3-5]. Modern thin 
ﬁlm deposition techniques jointly with UHV technology have made the growth of such materials 
in nanometer scale possible. 
On the other hand, multilayered materials have got considerable interest in recent years due 
to their technological applications, new advanced preparation techniques and related theoretical 
methods. These new materials provide us the opportunity to study the effect of compact 
thickness of elemental layers on their mechanical, structural, magnetic and transport properties. 
The alternation of two thin metallic layers allows us to study new effects arising due to the 
communication between these two layers or between the layers of the identical material across 
the thin layer of the other one. In multilayered systems, a large number of layers can be stacked 
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using current laboratory techniques. In this thesis, we have employed a magnetron sputtering 
technique to develop thin ﬁlms and multilayers. 
1.3 Sputtering Technique 
During sputtering, ejection of the target atoms takes place as a result of collisions of the 
ionized atoms with the target atoms. Usually Ar gas inside the chamber is ionized and then 
accelerated by applying a potential difference between the target material and the ground. This 
electric ﬁeld is responsible for the acceleration of the electrons. The electrons strike with the 
inert Ar atoms and consequently ionize the Ar atoms. Finally, the ionized Ar atoms strike with 
the target material and as a result the target atoms are evicted. Some of the sputtered atoms reach 
the substrate and deposit on to the substrate surface. Secondary electrons are also produced 
during these collisions and thus can be used in ionizing the inert gas atoms. To facilitate a self-
sustained glow discharge a comparatively high gas pressure relating to the vacuum is required. 
Mean free path of the sputtered atoms is more or less directly proportional to the inverse 
pressure. Thus, the mean free path becomes shorter in a higher pressure due to the more 
collisions of the atoms and as a result deposition rate of the material is decreased. Pressure 
condition can be decreased and glow discharge can be sustained with the help of a magnetron 
device. In magnetron device, Lorentz force acts on the secondary electrons and conﬁnes them 
near to the target surface and consequently ionization process is increased due to these electrons. 
Fig 1.1 shows a schematic representation of magnetron sputtering. 
 
 
Figure 1.1: The ionized Argon atoms move with acceleration towards the target and eject the target 
atoms and which deposite on the substrate. 
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1.4 Growth Modes 
During the growth process of the film, the sputtered atoms reach the substrate and are 
deposited there. These atoms can either re-evaporate or mislay their velocity component 
perpendicular to the substrate. As the substrate is not thermally stable with the adsorbed atoms 
so they can form clusters by diffusing along the surface. Afterward, these clusters strike with 
different adsorbed species and consequently become stable thermodynamically and this is 
known as the nucleation stage.  
Nucleation process depends u p on the rate of deposition, energy of the deposited 
atoms, activation energy of adsorption, chemical nature of the substrate and thermal diffusion. 
Afterward, the clusters can develop either parallel to the surface of the substrate by diffusion or 
normal to the substrate through trapping of the deposited atoms. The clusters grown during this 
process are called islands. Finally, these islands begin to amalgamate with each other to decrease 
free surface area of the substrate and to develop a continuous ﬁlm. 
Depending on the thermodynamics of the deposition, lattice strain and substrate surface 
energy, the growth process can simply be classiﬁed into the following three modes [6]. 
• Layer Type or Franck van der Merwe Mode  
A continuous layer covers the substrate and uniform layer-by-layer growth takes place 
in this type of mode [7]. 
• Island Type  or Volmer-Weber Mode 
In this mode, a formation of three-dimensional islands, occur while some part of substrate is not 
covered [8]. 
• Mixed T ype or Stranski-Krastanov Mode  
The growth of a few two-dimensional monolayers takes place until the three 
dimensional islands start to grow [9]. 
A schematic description of the three modes is shown in Fig. 1.2. 
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a) Layer by layer growth 
                          
b) Island growth111111 
                          
c) Intermediate growth 
Figure 1.2: Schematic illustration of the growth modes  
The interface energy between ﬁlm and substrate, γi, surface energy of the ﬁlm, γ f , and  
substrate surface energy, γs, play a key role in the wetting process of a surface. If γi + γ f < γs, 
the Franck van der Merwe mode takes place. If γi + γ f > γs, Volmer-Weber mode occurs in 
this case. When there is lattice mismatch between ﬁlm and substrate then there is a tendency 
for the strain to be relaxed; that is forming dislocations which obstruct the continuous layer 
growth. When γi + γ f ≈ γs and the lattice mismatch is not big then the Stranski-Krastanov mode 
can happen.  
1.5 Multilayer Growth 
“A multilayer structure consists of two or more different materials which are grown on 
top of each other and regularly repeated”. 
The repeated two-layer structure is referred to as the bilayer or chemical modulation. The term 
multilayer is usually used to describe amorphous or polycrystalline materials. There is another 
category of crystalline layered structures that are based on the same principle. A coherent 
periodic atomic arrangement is present throughout the structure in this case which, in most cases, 
is imposed by the substrate crystal structure. Therefore, these are commonly known as 
superlattices. Sputter systems that have more than one source are usually ﬁtted with shutters in 
front of each magnetron. These shutters are actually fast-acting plates that operate through 
pneumatic pressure or a magnetic actuator and when engaged, block off the path of the sputtered 
target atoms to the substrate. In most cases, the opening or closing time of these shutters is a 
fraction of a second and therefore the layer thickness can be controlled with high accuracy. 
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1.6 Magnetic Properties of Thin Films 
There are two contributions to the magnetic moment of an electron at the atomic scale: 
the electron spin which represents its intrinsic magnetic moment and the orbital moment, which 
is linked with the motion of the electron in its orbit. In case of a free atom, the ground state is 
obtained by considering the Pauli’s exclusion principle and the Coulomb interactions between 
the electrons and these give rise to an empirical set of rules called Hund’s rules [10]. The 
combined behavior of individual magnetic moments of the atoms in solids, through a 
characteristic interaction, can give rise to an ordered magnetic state. 
Some of the 3d transition metals, namely Ni, Co and Fe, have a high magnetization in the 
absence of an applied external field due to unpaired electron spins in the partly filled 3d shells. 
These metals are known as ferromagnetic and characterized by a spontaneous parallel alignment 
of the atomic magnetic moments by means of a strong exchange interaction. 
The spontaneous magnetization is temperature dependent; it is maximum at zero temperature 
and disappears at the Curie temperature TC. A material is ferromagnetically ordered below TC. 
When the Curie temperature TC is reached, the material attains the paramagnetic state where the 
spin moments are randomly directed  
For 3d transition metals, there are two divergent viewpoints regarding the microscopic 
nature of the ferromagnetic state below and above the Curie temperature. The ferromagnetic state 
is described in terms of localized magnetic moments according to Heisenberg model and the 
magnetization disappears at TC due to thermal fluctuations that destroy the alignment of the 
moments. According to itinerant electron model, number of unpaired electrons in the 
exchange-split spin-up and spin-down bands determine the magnetic moment. Exchange splitting 
at TC is reduced due to the thermal excitations of electron-hole pairs and consequently promote a 
paramagnetic state. Hence, the magnetization vanishes when the absolute value of magnetic 
moment reaches zero and this takes place when exchange splitting becomes equal to zero [10]. 
In a ferromagnetic material, the alignment of the individual atomic magnetic moments 
results in the formation of a magnetic stray field through the dipole-dipole interaction between 
the magnetic moments. In order to minimize this magnetostatic energy, the material forms 
magnetic domains [13]. Inside each domain, the spins are aligned in parallel by virtue of the 
exchange interaction. The magnetization points along a preferred direction due to the magnetic 
anisotropy. Within each individual domain, the uniform magnetization is oriented differently with 
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respect to the neighboring domains. Hence, in the absence of an applied magnetic field, a 
ferromagnetic material is usually found in zero magnetization state also known as 
demagnetization state. There are boundaries separating the magnetic domains and are named as 
domain walls. These domain walls enclose atomic magnetic moments with slowly changing 
orientation that provide a smooth transition from one magnetization direction to another. Their 
creation is linked with wall energy, which is primarily a result of the rotation of the moments 
with respect to each other. Hence, on the whole domain structure of a ferromagnetic material 
indicates an energy minimization with respect to the magnetostatic, anisotropy and wall 
energies. As a result of the absence of grain boundaries in the structure, amorphous 
ferromagnetic materials characteristically have large domain sizes [11]. 
On the application of magnetic field on a ferromagnetic substance below its TC, the 
magnetic moments interact with the field (Zeeman interaction) and consequently the magnetic 
domains tend to rotate and orient themselves in the direction of the field. The domains which 
are oriented along the field direction will grow in size on the cost of the others by the 
movement of domain walls. On the application and then removal of a large field, the 
motion of the domain walls is irreversible by virtue of inhomogeneties in the sample like 
dislocations and grain boundaries, which act as pinning centers. As a result, the magnetization 
will not regain its initial domain structure and the material will not go back to a 
demagnetization state. Such a behavior is termed as magnetic hysteresis [11]. The characteristics 
of a hysteresis loop are illustrated in Fig. 1.2. When the applied field is large enough then all 
the magnetic moments align along the field direction and the magnetization reaches its 
saturation value Ms. But when the applied field is removed, a remanent magnetization Mr 
continues to exist. In order to reduce the remanent magnetization Mr to zero, coercive field 
strength Hc is required. The coercivity and remanent magnetization are extrinsic properties of the 
material and are influenced by the size, shape, microstructure of the magnetic material and its 
magnetic history [12].  
For the selection of materials for technological applications, the shape of the hysteresis 
loop is a decisive factor. For instance, magnetic recording media require hard magnetic materials 
having nearly a square hysteresis loop characterized by high remanent magnetization, high 
coercivity and a large Mr /Ms ratio which are the absolute requirements for the storage of 
information in the absence of an external field. In contrast, applications like transformers and 
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recording heads require soft magnetic materials with large saturation magnetization and low 
coercivity which show low hysteresis losses. 
 
Figure 1.3: Basic features of hysteresis loop of a ferromagnetic substance. 
1.6.1 Exchange Interaction 
In ferromagnetic materials, the individual magnetic moments are coupled by means of spin-
spin interactions that help long-range spin ordering. This coupling mechanism is called 
exchange interaction. Exchange interaction is quantum-mechanical in origin and emerges as an 
outcome of the overlap between electronic wave functions of neighboring atoms essential to 
satisfy the Pauli’s exclusion principle [11]. For 3d transition metals Ni, Co and Fe, the exchange 
interaction is termed as direct exchange since it proceeds directly between the atoms without 
any intermediary. It is denoted by J and for a many-body system the exchange Hamiltonian of 
the Heisenberg model is usually expressed as [10]: 
𝐻 = −2∑𝐽𝑖𝑗
𝑖>𝑗
?⃗? 𝑖 . ?⃗? 𝑗 
where 𝐽𝑖𝑗 is the exchange interaction between the i-th and j-th atoms (units meV /atom) and ?⃗? 𝑖 
is the total spin of atom i and ?⃗? 𝑗 is the total spin of atom j respectively. If 𝐽𝑖𝑗 is a +ve then the 
lowest energy state results from a parallel alignment of the spin moments and this gives rise to 
ferromagnetic order. If 𝐽𝑖𝑗 is –ve then the spins of adjacent atoms align anti-parallel giving rise to 
anti-ferromagnetic order. 
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1.6.2 Interlayer Exchange Coupling 
In magnetic multilayers, composed of alternating layers of magnetic and non-magnetic 
meterials, the magnetic layers can couple to each other across the non magnetic spacer layers. 
This indirect exchange coupling is termed as interlayer exchange coupling (IEC) and has been 
observed for various combinations of magnetic and non-magnetic layer materials [14]. 
Interlayer exchange coupling, represented by j/, is generally mediated by polarization of 
conduction electrons in the metallic spacer layer [15]. Parallel or anti-parallel alignment of the 
magnetic layers with respect to each other depends on the sign of j/. Parallel alignment is 
referred to as ferromagnetic (FM) layer coupling and anti-parallel alignment is known as anti- 
ferromagnetic (AFM) layer coupling, respectively. In second case, there is ferromagnetic order 
within the individual magnetic layers although their relative alignment is anti-parallel. 
Interlayer exchange coupling (IEC) between two ferromagnetic layers is dependent on the 
electronic structure of the non magnetic spacer material and its sign shows an oscillatory 
behavior with the thickness t of spacer layer. Thus the coupling between the magnetic layers 
switches from FM to AFM as a function of the thickness of spacer layer. The strength of IEC 
which is defined as the difference in total energy between the ferromagnetic and anti-
ferromagnetic configuration, decays quickly with increasing thickness of the non-magnetic 
layer and it follows an inverse quadratic form j/∝ 1/t 2 [15]. Therefore, the ratio j// j for 
transition metal multilayers can be made arbitrarily small where j is the exchange interaction. 
The ratio j// j mostly affects the TC of the whole multilayer stack and the magnetic 
dimensionality. For multilayers in which the magnetic layers are decoupled and the interlayer 
exchange coupling j/ is practically zero, the magnetic response of the whole multilayer stack 
can be regarded as the sum of the individual responses of the non-interacting magnetic layers. 
1.6.3 Magnetic Anisotropy 
In ferromagnetic materials, a preferred magnetization direction is often observed. An 
energetically favorable direction is termed as easy magnetization axis, in contrast to an 
unfavorable hard axis. The energy associated with the dependence of magnetic properties on 
spatial direction is known as magnetic anisotropy energy (MAE). 
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MAE can be deﬁned as the energy difference per unit volume between samples 
magnetized along easy and hard directions [16]. The anisotropy energy is very important factor 
and determines the energy cost of rotating the magnetization direction away from its preferred 
orientation along an easy axis and is consequently an inﬂuential factor for the shape of the 
hysteresis loop, size of the coercivity and the remanent magnetization. All sources of anisotropy 
are associated with the structure of the material. Crystal structure of the material, its form and 
shape, the breaking of symmetry at interfaces and surfaces and structural strain are the most 
common contributing factors to the magnetic anisotropy energy. Moreover, a favorable 
anisotropy direction can be induced during the material fabrication or by sub-sequent treatment. 
The magnetic anisotropy depends on temperature and for itinerant ferromagnets it vanishes at TC 
[16–18]. 
  
1.7 Ag-Ni Multilayers 
The choice of this system was motivated by both the nonmiscibility of silver and nickel 
and by the fact that they both have fcc structures (aAg = 4.0853 Å and aNi = 3.5232 Å), but with a 
large difference in atomic sizes (Δa/a = 0.15). Ag/Ni multilayers were studied intensively in the 
nineties due to their potential for high GMR ratios [19-22]. Recently however, interest has been 
renewed in such systems due to the possibility of coupling the magnetic properties of Ni with the 
plasmonic properties of Ag, thus resulting in a so-called magnetoplasmonic structure [23]. Ag 
and Ni are immiscible metals and therefore they should produce sharp interfaces [20]. However, 
silver-containing multilayers are particularly challenging to manufacture due to the high mobility 
of silver on substrates such as SiO2 resulting in extreme Volmer-Weber (or island) growth [24] 
which is strongly detrimental to the layering quality. Therefore, liquid nitrogen temperatures 
were previously needed to obtain satisfactory layering in Ag/Ni multilayers [20,22,25,26], which 
is highly undesirable from a practical point of view. 
 
1.8 Sm-Co Thin Films 
The interest in this system was motivated by the fact that rare-earth magnets such as Sm-
Co and Nd2Fe14B are mostly used as high performance permanent magnets as they combine high 
magnetocrystalline anisotropy with reasonable magnetization and Curie temperature. The 
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anisotropy is said to be the combined effect of spin-orbit coupling and electrostatic crystal field 
interactions. The major contribution comes from the rare-earth 4f electrons and these electrons 
exhibit a strong spin orbit coupling [27].  
1.9 Objectives of the Thesis 
The objectives of this thesis were to:  
 devise a cost-effective sputtering scheme for deposition of Ag/Ni multilayers and Sm-Co 
thin films.  
 determine a route to obtain high quality Ag/Ni multilayers with room temperature 
magnetron sputtering.  
 synthesize Ag/Ni multilayers with properties suitable for application in magnetic storage 
media.  
 find a suitable composition of Sm-Co films suitable for high-performance permanent 
magnets and high-density data storage media. 
 optimize deposition parameters for the fabrication of Ag/Ni multilayers and Sm-Co thin 
films. 
 study the bilayer thickness effects on the structural and magnetic properties of Ag/Ni 
multilayers. 
 investigate the influence of annealing on the structural and magnetic properties of Ag/Ni 
multilayers. 
 explore the effects of thickness of both Ag and Ni on the structural and magnetic 
properties of Ag/Ni multilayers. 
 
1.10 Layout of the Thesis 
This thesis is organized in the following way:  
The ﬁrst chapter (Introduction) presents some introductory elements of thin films, multilayers 
and sputtering technique. It describes the growth modes, multilayer growth and magnetic 
properties of thin films. It also introduces the materials that were investigated in this study. It 
describes the objectives of this research work and illustrates the layout of this thesis.  The second 
chapter (Literature Survey) discusses the previous work related to Ag/Ni multilayers and Sm-
Co thin films. The third chapter (Experimental Set up and Characterization Techniques)  
focusses on the experimental methods that were used. The fabrication of amorphous thin ﬁlms 
and multilayers is discussed, together with structural, compositional and magnetic 
characterization techniques. The fourth chapter (Growth of polycrystalline Ag/Ni multilayers 
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at room temperature) presents the experimental findings and discusses the structural and 
magnetic results and in the end. The fifth chapter (Tailoring magnetism at the nanometer scale 
in SmCo5 amorphous films) is about the experimental findings and discusses the structural and 
magnetic characteristics of SmCo5 amorphous films. The sixth chapter (Layer by layer growth 
of polycrystalline Ni thickness dependent Ag/Ni multilayers at room temperature) describes 
the growth of Ni thickness dependent multilayers and discusses their structural and magnetic 
properties. The seventh chapter (Study of Structural and Magnetic Properties of Ag/Ni 
Multilayers of Equal Thickness & the Effect of Annealing on their Structural and Magnetic 
Properties) discusses the effect of bilayer thickness on the structural and magnetic properties of 
Ag/Ni multilayers and it also discusses the effect of annealing on structural and magnetic 
properties of Ag/Ni multilayers having equal thickness of Ag and Ni. At the end, conclusions of 
this work are given. 
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Chapter # 2 
Literature Review 
Tailoring properties of practical materials at nanometer scale has been the ultimate target 
in material science research. The most attractive approach is to design the thin film structures 
artificially where slabs of magnetized materials are sandwiched between slabs of non magnetized 
materials. For this purpose, great efforts have been made for the improvement of the growth 
procedures and growth simulations in the last two decades [28–30]. The skill to control layer-by-
layer growth of thin films has not only developed our current understanding about the two-
dimensional physics, but straightforwardly led to the discovery of some very significant 
phenomena like giant magnetoresistance (GMR) [31-32], tunneling magnetoresistance (TMR) 
[2], and ferromagnetism in doped semiconductors [33–35]. Tunneling magnetoresistance and 
giant magnetoresistance in multilayers have had a remarkable impact on data storage devices and 
magnetic semiconductors are offering new prospect in spintronics [2,31-32].  
2.1 Ag-Ni  
V Pelosin et al.[36] studied the dynamics of interface relaxation and destratification in 
Ag/Ni multilayers They measured resistance and length changes during thermal treatments on 
free- standing Ag/Ni multilayers. The experiments showed an evident separation of the 
consecutive stages of the microstructural development of these stratified structures. Moreover, 
by monitoring length and resistivity, the kinetics of these processes were taken out. Significant 
densification was discovered for the period of interface relaxation. Silver nickel multilayers were 
fabricated in a DC triode sputtering system. The argon gas pressure was 6 x10-4 Torr and the 
deposition rate was about 10-1 nm s-1. Equal number of monolayers was prepared for each 
elemental layer. During deposition, the substrate holder was kept cooled by using liquid nitrogen 
and the deposition temperature was about 100 K.  
K. Santhi et al. [37] investigated the microstructure analysis of the ferromagnetic Ag–Ni 
system prepared by pulsed electrodeposition. They studied nanocrystalline Ag–Ni deposits 
synthesized by pulsed electrolysis. They analyzed the magnetic as well as structural 
characterization of these deposits under similar conditions. The microstructural and 
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morphological studies were carried out using HRTEM and SEM techniques. According to the 
results, the as deposited materials were consisted of Ag/Ni in the form of metastable alloy. 
Samples heated further than Curie temperature led to the long range ordering and grain growth. 
Hysteresis curves along with magneto-thermograms revealed room temperature ferromagnetism 
in the deposits. 
V. Pelosin et al. [38] reported the effect of internal stresses & magnetoelasticity in Ag/Ni 
multilayers. They evidenced damping effects & substantial modulus of magnetomechanical 
origin in Ag/Ni multilayer sample series. After detailed analysis, it was revealeded that they were 
basically associated with reversible motion of domain walls. Measurements executed after 
different thermal treatments showed radical changes in the degree of magnetoelastic effects. It 
was revealed that these modifications were typically originated during relief or development of 
biaxial stresses resulted from a microstructural evolution or produced thermoelastically on 
annealing. The multilayers were deposited by dc sputtering on a silicon substrate. 
R. Birringer et al [39].developed a new approach to measure interface stress of phase 
boundaries for Ag/Ni multilayers. They found a value of 3.5 ±0.2 N m-1 for the interface stress of 
phase boundary.  
S.P. Wen et al. [40] deposited Ag/Ni mulitlayers by evaporation in ultra high vacuum 
chamber. The base pressure of the system was 5 x10-8 Pa. It was found that the modulus (E) 
decreased and hardness (H) increased as the periodicity decreased. Thicknesses of layers were 
monitored by quartz oscillator. 
 P. Sandstrom et al. [41] studied the structural evolution in Ag/Ni multilayers prepared by 
DC magnetron sputtering in ultra high vacuum chamber on oxidized Si(001) substrates at room 
temperature. Films were fabricated both in Kr and Ar discharges at various sputtering pressures. 
They investigated the effects of post-deposition annealing & different discharge pressures. 
Structure evolution was studied using X-ray diffraction, atomic force microscopy and 
transmission electron microscopy. XRD analysis revealed that films exhibited a pronounced 
<111> fiber texture. At low pressures, surface roughness was decreased as compared to films 
developed at higher pressures and films. XRD analysis also showed that the crystallinity of the 
films & definition of the layer interfaces enhanced when the pressure was decreased using Ar 
instead of Kr. The crystalline quality was improved by using Ar instead of Kr. The annealing at 
14 
 
390 0C resulted in loss of compositional modulation & agglomeration of silver precipitates 
whereas post-deposition annealing at 280 0C enhanced layer definitions and intralayer order.  
W. Yuansheng et al. [42] investigated the structural properties of Ag/Ni multilayers with 
varying layer thicknesses and their evolution during annealing by using X-ray diffraction & 
transmission electron microscopy. All the samples were [111] textured. The grains showed 
random in-plane orientations at the beginning of deposition but an in-plane texture was formed 
on further deposition of bilayers. Grain growth, strain relaxation and coarsening were induced on 
annealing. 
J.W. Feng et al. [43] fabricated Ag/Ni multilayers by dc magnetron sputtering and studied 
their structural and magnetic properties. The in-plane uniaxial anisotropy was found by both 
ferromagnetic resonance measurements (FMR) & vibrating magnetometer (VSM). Moreover, 
FMR spectra, as a function of the applied magnetic field orientation in the film plane, were 
obtained. Furthermore, both perpendicular & in-plane anisotropies were deduced through data-
fitting analysis. Negative interface anisotropy constant was also calculated. 
Peng Chubing et al. [44] reported interlayer magnetic coupling & magnetic anisotropy of 
evaporated Ag/Ni multilayers. A series of Ag/Ni multilayers were prepared by e-beam 
deposition on cleaved mica substrates. They observed interface mode in perpendicular geometry 
for Ag/Ni multilayers & thicknesses of Ni layer less than 3nm. Furthermore, they studied the 
influence of interlayer magnetic coupling on ferromagnetic spectrum.  
dos Santos et al. [25] deposited Ag/Ni multilayers on glass substrates by dc sputtering at 
100 K and observed the inverted and crossed magnetic hysteresis loops for Ag/Ni multilayers 
with Ag thickness ranging from 5 to 40 Å & Ni thickness of about 8 Å.  
B. Rodmacq et al. [45] prepared polycrystalline and <111> textured Ag/Ni multilayers by 
on glass substrates by cathodic sputtering at 100 K and the magnetic properties of Ag/Ni 
multilayers were investigated as a function of thickness of both Ag and Ni layers. Ag layer 
thickness had no effect on the value of transition temperature Tc. or saturation magnetic moment 
Ms.  On the other hand, decrease in Ni layer thickness resulted in a decrease in both Ms and Tc.  
R. Masrour et al. [21] studied the magnetic properties of Ag/Ni multilayers grown in 
ultrahigh vacuum by evaporation. The critical temperature was investigated as a function of 
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surface exchange interaction and the dependence of critical temperature on the thickness of the 
film was also studied.  
B. Rodmacq et al. [47] investigated the magnetic properties of Ag/Ni superlattices grown 
by on glass substrates at 100 K by cathodic sputtering and investigated the magnetic properties 
of Ag/Ni multilayers as a function of the thickness of Ni layers. They chose Ag/Ni system due to 
the nonmiscibility of silver and nickel. They showed that both Curie temperature & saturation 
magnetization and had strong dependence on thickness of Ni layers. Furthermore, the decrease of 
the Ni moment at small thicknesses was due to the presence of a nonmagnetic spacer layer. 
dos Santos et al. [26] reported the oscillatory magnetic coupling in silver nickel 
superlattices. They developed these superlattices on glass substrate by triod dc sputtering at 100 
K. Both scattering vector perpendicular to the superlattice plane and X-ray diffractometry 
proposed structural coherence & interface sharpness. The samples were found to be <111> 
textured. Superconducting quantum interference device (SQUID) magnetometer was used for the 
magnetic measurements. 
Jonnard et al. [48] analyzed Ag3 Ni3 and Ag4 Ni4 multilayers by electron induced .x-ray 
emission spectroscopy (EXES). They reported correlation between atomic & electronic 
structures in Ag/Ni multilayers deposited by sputtering on glass substrates at room temperature.  
K. Dumesnil et al. [49] observed biquadratic & antiferromagnetic coupling in Ag/Ni 
multilayers. To study the coupling between Ni layers, the coupling between Ni layers was found 
by low angle polarized neutron scattering. The results showed equilibrium configuration of the 
magnetizations in zero field for these multilayers evolved from a canted structure at low 
temperature about 100K. 
R. Krishnan et al. [50] explored the magnetization and FMR studies in Ag/Ni multilayers. 
They prepared Ag/Ni multilayers and studied their magnetization (68 - 293 K) and FMR 
characteristics (290 K). Thickness of Ni was varied from 0.7 to 10 nm while the thickness of Ag 
was kept constant at 5nm. Magnetization decreased slightly from the bulk value at 4 K but 
remained much higher than that reported so far in other systems.  
J. M. Tonnerre et al. [51] reported the resonant magnetic soft X-ray diffraction from a 
silver nickel artificial multilayer. They showed an enormous enhancement for magnetic X-ray 
scattering cross section. A diffraction peak, known as “signature of antiferromagnetic coupling” 
between Ni layers, was also observed. As a result of the interaction between polarization & 
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magnetization, they successfully investigated the direction of the magnetic moments in 
multilayers.  
J. M. Tonnerre et al. [52] reported x-ray resonant magnetic scattering (XRMS) 
experiments by means of circular & linear polarized light in a magnetically coupled silver nickel 
multilayers. DC sputtering was employed to deposit Ag/Ni multilayers on glass substrates at 100 
K. As a result of antiferromagnetic coupling between nickel layers, a superlattice magnetic peak 
was observed. Large variations up to 15 % in the charge peak were also observed for 
ferromagnetic coupling on reversal of magnetic field direction. It was for the first time that sum 
rules were applied on energy dependent magnetic amplitude.  
J.W. Feng et al. [53] investigated the interlayer exchange dominated surface spin waves 
in sputtered Ag/Ni multilayers by spin-wave resonance measurements. They deposited Ag/Ni 
multilayers by dc magnetron sputtering on glass substrates. For all Ag/Ni multilayers, Ag 
thickness was varied between 10 to 40 Å and the Ni thickness was kept constant at 30 and 60 Å 
respectively. Crystal structure and the periodicity of the multilayers were characterized using X-
ray diffraction.  
Bernard Rodmacq et al. [20] studied X-ray diffraction of silver–nickel multilayers. He 
fabricated Ag/Ni on glass substrates at 100K using cathodic sputtering. As a result of X-ray 
scattering experiments, highly textured, polycrystalline superlattices were formed. The 
thicknesses of both Ag and Ni elemental layers were varied independently from about 2-100 Å.  
B. Rodmacq et al. [54] have studied the temperature & field dependences in Ag/Ni 
multilayers. They have presented the magnetic phase diagram of antiferromagnetically coupled 
Ni layers in Ag/Ni superlattices from low to the ordering temperature. The relations among the 
magnetization, absolute magnetoresistance effect and the neutron scattered intensity have been 
obtained.  
B. Rodmacq et al. [22] reported the giant magnetoresistance effect for Ag/Ni 
superlattices. They carried out a comparative study of magnetic coupling & evolution of 
magnetoresistance in Ag/Ni multilayers as a function of Ag thickness while keeping Ni thickness 
at 8 Å. The system was found to exhibit antiferromagnetic coupling & magnetoresistance effect.  
B. Rodmacq et al. [55] also evidenced the neutron scattering for antiferromagnetic 
coupling in case of silver nickel superlattices. For Ag/Ni superlattices, experiments on low angle 
neutron scattering were performed and the emergence of a low angle peak was credited to the 
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doubling of chemical modulation, as a result of antiferromagnetic coupling of the magnetic 
moments in Ni layers.  
A.V. dos Santos et al. [56] calculated the self consistent band structure for Ag/Ni bilayers 
in order to study the important features of these materials. They employed Linear Muffin-Tin 
Orbital method to carry out calculations for a number of lattice parameters in order to study 
ground-state properties like bulk modulus, equilibrium volume and critical pressure of Ag/Ni 
bilayers. The analysis of density of states at equilibrium volume was made and the analysis gave 
a very good explanation of the magnetic and electronic properties of these bilayers.  
B. C. Kang et al. [57] studied nanoindentation behavior of Ag/Ni multilayers as a 
function of bilayer thickness. Ag/Ni multilayers with equal thicknesses were prepared by DC 
magnetron sputtering at room temperature. They investigated the influence of bilayer thickness 
on the mechanical behavior of Ag/Ni system by creep & nanoindentation hardness tests. 
Hardness was found to increase with decrease in bilayer thickness.  
B. Rodmacq et al. [58] studied the annealing effect on transport & magnetic and 
properties of Ag/Ni multilayers. The samples were deposited sequentially from Ag and Ni targets 
at a temperature of 100 K on glass substrates. The properties of Ag/Ni multilayers were studied 
as a function of annealing temperature.  
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2.2 Sm-Co  
R. Skomski et al. [27] have explored the anisotropy of rare-earth magnets. Rare-earth 
magnets such as Sm-Co are mostly used as high performance permanent magnets as they 
combine high magneto crystalline anisotropy with reasonable magnetization and Curie 
temperature. The anisotropy is said to be the combined effect of electrostatic crystal field & spin-
orbit coupling interactions. The major contribution comes from the rare-earth 4f electrons 
because these electrons reveal a strong spin orbit coupling. In this article, specific phenomena 
such as enhancement of the anisotropy of Sm2Fe17 due to interstitial nitrogen, the use of Sm-Co 
magnets for high temperature applications and the comparison of rare-earth single-ion anisotropy 
with other single ion and two-ion mechanism have been reviewed. Physical origin of rare-earth 
anisotropy and its exploitation in permanent magnets such as SmCo5 have been studied.  
K.Chen et al. [59] studied the induced anisotropy in SmCo amorphous films and the 
change in an in‐plane anisotropy constant Ku with composition as well as magnitude of the in 
plane applied field during the deposition of SmCo thin films. They demonstrated that with a 
large value of Hs of magnitude 5kOe, large and well defined in‐plane anisotropy could be 
obtained.  
K. Chen et al. [60] studied the various kinds of anisotropy in SmCo thin films. Room 
temperature SmCo films were deposited in the presence of strong in-the-film‐plane magnetic 
fields. Films were found to be amorphous and smooth. Perpendicular and in‐plane and 
anisotropy could be produced according to the film preparation settings. Post deposition 
annealing was carried out to differentiate the behaviors of the various kinds of anisotropies. 
Perpendicular anisotropy was produced in only those films which were prepared by thermalized 
sputtering.  
Magnus et al. [61] studied the tunable giant magnetic anisotropy for amorphous SmCo 
films. Thin films were developed by magnetron sputtering at room temperature. Films, having 
Sm about 5 at. % or higher, were found to be amorphous and smooth. A huge tunable uniaxial in-
plane magnetic anisotropy was induced in the range 11–22 at. % Sm. Highly tunable magnetic 
properties combined with the excellent layer perfection make these films significant for 
spintronic applications.  
J. Sayama et al [62] investigated perpendicular magnetic anisotropy in SmCo5 thin films. 
Thin films of SmCo5 were developed with perpendicular magnetic anisotropy. The films 
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composed of [Co (0.41nm)/Sm (0.31nm)]35, were synthesized using magnetron sputtering on 
glass substrates covered with a 100 nm-thick Copper layer at different substrate temperatures. 
The thicknesses of Sm-Co layers were chosen to get the composition roughly equal to Sm 20 
at%-Co 80 at%. Rapid increase in coercivity was observed at 325-345°C. Reflection peaks of the 
SmCo5 films were found to be originated from the SmCo5 phase by in-plane x-ray 
diffractometry. The films showed a preferred direction of the c-axis in the direction normal to the 
surface of the film. 
Singh et al. [63] successfully grew epitaxial SmCo5 films by pulsed-laser deposition on 
Cr(100) buffered MgO(100) single-crystal substrates. Magnetic properties, crystal structure, 
phase purity and epitaxial relation with substrate were found by careful measurements, vibrating 
sample magnetometry, energy-dispersive x-ray analysis and pole transmission electron 
microscopy. The preparation of SmCo5 phase enhanced the remanent magnetization about 40% 
as compared to the previously studied Sm2Co7 films.  
V. Neu et al. [64] evaluated the microstructure and magnetic properties of sputtered Sm-
Co films developed on Al2O3 substrates and studied the influence of the variations of Sm content 
on microstructure and magnetic properties. Magnetic properties such as remanence and 
coercivity were principally controlled by the composition of Sm-Co films. Large values of 
remanence were achieved for films having low Sm and a high Co content. Large values of 
coercive field were obtained for higher Sm content. With increasing the Sm content, the in-plane 
texture was improved. 
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Chapter # 3 
Experimental Set up and Diagnostics Techniques 
This chapter gives an overview of the experimental methods that were used in this study. 
This includes the fabrication of thin films and multilayers by ultrahigh vacuum deposition, 
structural characterization by means of X-ray and electron scattering and the investigation of 
magnetic properties using magneto-optic effects and magnetometry. 
3.1 Thin Film Deposition 
Methods for depositing thin films can be divided into two large general categories [65] as 
follows.    
i) Chemical Vapor Deposition (CVD) 
ii) Physical Vapor Deposition (PVD) 
In Chemical Vapor Deposition (CVD) methods, chemical reactions occur on the substrate 
surface between precursor materials and also with gases while byproducts, usually in the form of 
gasses, are also produced. Chemical Vapor Deposition CVD methods are commonly used in the 
production of semiconductors, carbides and nitrides. 
Physical Vapor Deposition (PVD) methods involve mechanical and thermodynamic means 
for the production of thin films. These comprise  thermal evaporation from molten metal source 
in a heated crucible, electron beam evaporation by means of high-energy focused electron beam, 
pulsed laser deposition, where material is ablated by means of a pulsed laser beam, cathodic arc 
deposition, where the erosion of the cathode surface occurs by using high-current, low DC 
voltage gas discharge and sputtering. 
The properties of the deposited materials are dependent on the deposition environment, 
deposition parameters and the level of chemical purity. Depending on the aim of each 
application and study, the requirements can vary. The fabrication of ultrathin magnetic layers on 
various surfaces typically requires ultrahigh vacuum conditions, high purity materials and good 
control of the deposition parameters. 
3.2 Sputtering 
Sputtering technique is the most widely used means for the production of thin films and 
coatings and also employed in numerous industrial and important applications. Large amount of 
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literature is available on sputtering both in review and in specific application form, for example 
[66]. It is a non-thermal process which depends on momentum transfer and involves the ejection 
of atoms that are deposited on a suitable substrate as a result of the bombardment of a target 
material with energetic ions. 
During DC sputtering, the vacuum system is filled with an inert gas (e.g. Ar) at low 
pressure and a negative potential of few kilovolts is applied across a metallic target which acts 
as a cathode. The atoms of Ar gas are ionized and then accelerate towards the cathode. Due to 
the bombardment by the ions, target atoms are ejected. The ejected atoms reach the substrate 
and condense on it. A plasma glow discharge is produced and is sustained by secondary 
electrons ejected from the cathode. These secondary electrons are then accelerated by the voltage 
drop towards the plasma where they collide with the inert gas atoms and produce further 
ionization. 
Atoms are sputtered from random points of ion impact across the surface of target, when 
the transferred energy by the impinging ions increases a certain threshold. This energy 
corresponds to the chemical binding energy and is smaller for surface atoms than the bulk 
making surface atoms more likely to be ejected. Sputtering yield Ys is the ability to knock out 
target atoms and is defined as the number of sputtered atoms per incident ion. Sputtering yield 
depends on the type of inert gas, ion energy, target element and its crystal structure and the angle 
of incidence [67]. 
The flux of the particles sputtered from the source can be explained according to cosine 
law distribution and is consequently non-directional as compared to evaporation sources. The 
sputtered atoms travel and are deposited everywhere in the vacuum chamber. It has been found 
experimentally that the deposition rate decreases with the square of the distance between source and 
substrate. However, the uniformity of the film is improved as this distance is increased [68-69]. 
For the sputter systems which include more than one source, that the stage of the 
substrate is located in the center and the sources be seated at an angle. For that reason, the 
substrate cannot be positioned directly under each source, so that the flux of adatoms is vertical to 
its surface. Under these conditions, the deposition results in a wedge-shaped film. The sample 
stage is made to rotate to overcome this problem and to ensure uniformity in layer thickness and 
lateral homogeneity in composition. 
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3.3 Magnetron Sputtering 
In magnetron sputtering, the plasma is confined close to the target surface and the 
efficiency of the process is significantly increased. Permanently strong magnets made out of 
NdFeB are placed under the target and generate magnetic field of about 0.1 T. Mutually 
perpendicular electric and magnetic fields are responsible for Lorentz force which acts upon 
the electrons and trap them in orbits near the target surface. The probability of ionizing the inert 
gas atoms is increased due to the increased concentration of electrons and as a result the 
deposition rate is enhanced. Lower gas pressure and applied voltage are required to sustain the 
plasma discharge. Typical values for gas pressure and operating voltage are around 2 m Torr and 
500 V respectively. 
Planar and circular magnetron geometries are commonly used. Figure 3.1 shows the 
cross section of two circular magnetrons that operate at the same time for the deposition of an 
alloy. The target surface is significantly heated up due to the ion bombardment. That is why the 
permanent magnets are water-cooled. The magnetron is said to be balanced when the magnetic 
flux from the outer and the inner permanent magnets is the same. Due to the low pressure of Ar 
gas, the mean free path of the sputtered atoms can be larger as compared to a standard sputtering 
setup. 
In case of magnetron sputtering, there are certain concerns regarding the use of the target 
material. Firstly, magnetic materials can affect the magnetic flux. For thick targets, the flux 
might be closed inside the material. That is why the thickness of magnetic targets is usually of 
the order of a millimeter. In contrast, non-magnetic materials can be thicker than the magnetic 
materials, usually a few millimeters. These numbers vary, depending on the strength of the 
permanent magnets. The targets wear out preferentially where the plasma is most dense. As a 
result an erosion track also known as race track is formed as shown in Fig.3.1.  
In case of magnetic targets, the erosion track is narrow and steep, while it is broad and 
shallow for non-magnetic targets. Because of the removal of material from this area, the overall 
use of the target is low and only 10-30% of the target area is utilized. If the erosion track runs 
deep, a hole to the back side of the target is formed which can lead to sample contamination with 
the material that is sitting behind the target. 
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The main advantage of this technique as compared to others is that almost every material 
can be deposited. Materials which are difficult to melt are easily sputtered with this method as 
no heating of the target material is required in this method. 
The disadvantage of sputtering technique is the low utilization of the target material due 
to the formation of erosion tracks. Various magnetron designs are available to get higher target 
utilization [70]. 
 
 
Figure 3.1: A cross section of two magnetrons during the process of co-sputtering of an alloy, describing the basic 
processes that occur there. 
3.4 Deposition Rate 
The rate of deposition depends upon the energy of the impinging ions, gas pressure, 
sputtering yield, ion current to the target and the system geometry. It is typically measured in Å/s 
and can be adjusted. For instance, ultra-thin layers can be deposited with rate less than 1 Å/s 
and for thick layers higher rates can be achieved. 
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Deposition rate can be adjusted by tuning the output of the power supply unit of each source. It is 
suggested that the output of the magnetron is synchronized on power since the rate depends 
linearly on power [71]. 
Quartz Crystal Microbalance (QCM) deposition monitor is used to monitor the deposition 
rate in situ. The deposition monitor depends on the change of oscillation frequency of a quartz 
crystal when material is deposited on its surface. But absolute knowledge of density of the 
deposited material is required for this measurement to be accurate and thus it is usually regarded 
as a good estimate. A proﬁlometer can be used to monitor the deposition rate for thick ﬁlms. It 
consists of a tip that touches the surface and senses the height difference at a step analogous to a 
substrate-to-ﬁlm transition. Hence, a part of the substrate has to be left without deposition. For a 
higher degree of accuracy, calibration samples can be prepared and their thickness is found with 
X-ray reﬂectivity. Calibration is the most accurate but the most time-consuming process, since 
extra samples need to be produced. The deposition rate also changes with the erosion of the 
target material. Therefore, it is good practice to check and record the applied voltage and current 
to the target. Large differences in the voltage can be an indication that the lifetime of sputter 
target has ended. 
3.5 Capping Layer or Protective Coating 
A thin layer is usually deposited on top of the samples to protect them from degradation 
due to the ambient environment. This layer is termed as capping layer or protective coating. 
3.6 Buffer Layers 
An intermediate layer is often used between ﬁlm and the substrate. The purpose of this 
layer is to improve the structure of crystalline materials through better lattice matching and to 
enhance the adhesion to the substrate and improve mechanical properties. 
3.7 “Binford”- Sputtering System  
“Binford” is a laboratory sputtering system used for magnetron sputtering deposition of 
epitaxial thin films, multilayers and superlattices and its principle diagram is shown in Fig.3.2. 
It comprises two main parts: sputtering chamber and load-lock. Three magnetron sputtering 
sources arranged in a cluster of geometry are positioned in the sputtering chamber. DC or rf 
power can be applied to the magnetrons depending upon the type of material to be sputtered. The 
substrate is placed on a sample holder which is attached to the horizontal rotatable table, while 
the heater is positioned directly under the sample holder. The substrate can be heated from 20 to  
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Figure 3.2: Schematic representation of “Binford” sputtering system. 1- Sputtering chamber, 2-Load-
lock, 3-Magnetrons, 4-Transfer rod, 5- Quartz Crystal Microbalance, 6- Turbo Molecular Pumps, 7-Gate 
Valves, 8- Turbo Backing Valves, 9- Scroll Pump, 10-Rotation table with heater, 11-Shutter device, 12-
power supply cable connectors, 13-Residual Gas Analyzer. 
 
6000C. The distance between target and substrate is approximately 20 cm. Sputtering rate from 
0.05 Å/s to few Å/s can be attained by changing the magnetron power. For the in-situ 
measurement of deposition rate, the quartz crystal microbalance is used. Pneumatic shutters are 
situated in front of the targets and are controlled by the computer. These shutters allow us to 
develop multilayers with well defined layer thickness. It is also possible to grow alloy films of 
two or three elements. 
The base pressure of the system is less than 1x10-10 Torr and reaches to 1x10-9 when the 
heater is on. Ar, with a purity of 99.9999%, is used as a sputtering gas and the partial pressure of 
Ar is manually controlled by using a leak valve. A total pressure gauge (TPG) containing Pirani 
(thermal conductivity) and Penning (cold cathode) measuring circuit is situated in the load-lock. 
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A diaphragm gauge is used for high pressure (pressure of the sputtering gas) and a cold cathode 
gauge is used for low pressure measurements are located in the sputtering chamber. Four 
samples can be kept in the load-lock at the same time. When the samples are being changed, the 
load-lock is flushed with nitrogen gas to prevent contamination. 
Sputtering chamber is pumped out by turbo-molecular pumps. A scroll pump is used as a 
backing pump. The samples are shifted from the load-lock to the main chamber by a 
magnetically coupled transfer rod. Residual gas analyzer is located in the load-lock due to the 
peculiarity of the construction. 
3.8 Structural and Compositional Characterization 
For the structural and compositional characterization, x-ray scattering and transmission 
electron microscopy analysis were employed. We have employed both reciprocal and real space 
techniques to explore the layering and amorphous quality of Ag/Ni multilayers and SmCo thin 
films and for this purpose, X-ray scattering was used.  
3.8.1 X-ray Scattering 
X-ray scattering techniques are among the most important characterization tools used in 
material science. These techniques can be used to study the atomic structure and thickness of thin 
films and multilayers. By virtue of this, methods such as X-ray diffraction and X-ray reflectivity 
are commonly used. 
Cu X-ray tube emits CuKα radiation of wavelengths 1.5418 Å. X-rays interact with 
electron cloud of the atoms and are scattered. The scattered waves interfere giving rise to a 
diffraction pattern which is characteristic of the phases present in the material. X-ray scattering 
measurements are carried out by a diffractometer comprising a number of combinations of 
optical components and a sample stage with extended degrees of freedom so that the intensity 
and resolution of the beam and sample orientation can be adjusted. 
The advantages of X-ray scattering techniques include the determination of the thickness 
of layers and quality of interfaces, strain measurements, crystal orientation and defects in 
materials, and composition of phases. 
3.8.1.1 X-ray Diffraction 
X-ray Diffraction provides information of the phases present in the sample, texture and 
the overall coherence of the atomic arrangement. Specular reflection geometry is shown in Fig. 
3.3. According to this figure, x-ray diffraction of wavelength λ are made incident on sample 
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surface at an angle ω with the sample surface. X-rays are diffracted at an angle 2θ with respect to 
the initial direction of the incident beam such that ω = 2θ/2. 
 
Figure 3.3: Schematic diagram of the specular reﬂection of an X-ray beam from a sample where the (hkl) 
set of planes is oriented parallel to the sample surface and dhkl is the interplanar distance of the (hkl) 
planes.  
As the interaction between X-rays and electrons is elastic, the kinetic energy of the X-rays is 
conserved and the momentum transfer is represented as: 
ħ?⃗? =  ħ𝐾𝑓⃗⃗⃗⃗  ⃗ −  ħ𝐾𝑖⃗⃗⃗⃗    3.1 
where Q is the momentum transfer vector (scattering vector) and 𝑲𝒊⃗⃗ ⃗⃗   and 𝑲𝒇⃗⃗ ⃗⃗  ⃗are the wave vectors 
of the incident and diffracted beam respectively. 
The magnitudes of the wave vectors are: 
|𝐾𝑖⃗⃗⃗⃗ | =  |𝐾𝑓⃗⃗⃗⃗  ⃗| =  
2𝜋
𝜆
   3.2 
From the figure (3.3), magnitude of the scattering vector is given by [13] 
|?⃗? | =  𝑄𝑧 = 
4𝜋 sin𝜃
𝜆
    3.3 
According to Bragg’s Law, condition for constructive interference is given by: 
𝑛𝜆 =  2𝑑ℎ𝑘𝑙  sin 𝜃      3.4 
Where n is the order of deflection, 𝑑ℎ𝑘𝑙 is the separation between the crystallographic planes and 
h, k, l are the Miller indices. 
For a crystal having cubic symmetry and lattice constant a, the separation 𝑑ℎ𝑘𝑙 can be expressed 
as: 
𝑑ℎ𝑘𝑙 = 
𝑎
√ℎ2 +𝑘2+𝑙2 
    3.5 
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By solving equation (3.3) and (3.4) and putting n = 1, the magnitude of scattering vector is found 
to be  
|?⃗? | =  𝑄𝑧 = 
2𝜋
𝑑ℎ𝑘𝑙
    3.6 
The magnitude of the scattering vector is measured in terms of inverse length (e.g. Å−1) which 
indicates that momentum transfer occurs in inverse space. 
This idea of reinforced space (k-space) is essential to understand and interpret the diffraction 
data. The reciprocal space is constructed as the Fourier Transform of the spatial atomic 
correlation of a periodic real space lattice. A reciprocal lattice is a periodic set of points and each 
point corresponds to a set of (hkl) planes in real space. 
 The reciprocal space, the vector 𝐺 ℎ𝑘𝑙 is orthogonal to the set of planes having Miller indices 
(hkl) in real space. 
 The magnitude of vector 𝐺 ℎ𝑘𝑙  is reciprocal to the interplaner separation 𝑑ℎ𝑘𝑙  of the set of 
(hkl) plane: 
|𝐺 ℎ𝑘𝑙| =  
2𝜋
𝑑ℎ𝑘𝑙
     3.7 
These expressions prove that the reciprocal space fully describes the real space lattice in a way 
that the interplaner separation and orientation of array (hkl) set of planes in represented in 
reciprocal space [71].  
Figure 3.3 illustrates the equivalent reciprocal space representation of the X-ray 
diffraction experiment. The direction of scan is specular direction i.e. ω = 
2𝜃
2
 and ?⃗? =  𝐺 ℎ𝑘𝑙 . 
This is called the Laue condition and is exactly equal to Bragg Condition. According to the Fig. 
3.3, off-specular reflections can be accessed by selecting suitable values of ω and 2θ.  
Figure 3.4 shows another type of scan indicated by arrows that point sideways from the 
reciprocal lattice point with coordinates (hkl). This scan is known as rocking curve, ω scan or 
transverse scan. In this scan, angle ω is varied while angle 2θ is kept fixed on a position of a 
Bragg peak. Blue areas, in Fig. 3.4, represent a part of the reciprocal space and are inaccessible 
because the sample is opaque and is shadowing the X-ray beam. In order to access these areas in 
reciprocal space, radiation of longer wavelength can be used. 
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Figure 3.4 Schematic representation of the reciprocal space in X-ray diffraction measurements where 
outer limit corresponds to ω = 900 and 2θ = 1800 and the blue areas are a part of the reciprocal space 
which are inaccessible because the sample is not transparent.  
 
3.8.1.2 A θ - 2θ diffractometer: 
The principle diagram of Bragg – Bretano geometry also known as focusing circle 
geometry is shown in figure (3.5). This is the most frequently used X-ray diffraction instrument 
for performing specular θ - 2θ scans [72]. 
 
 
Figure 3.5: A schematic representation of the Bragg Brentano geometry. (a) X-rays are emitted from the 
X-ray tube (b) collimating slit, (c) receiving slit, (d) detector located at an angle 2θ with respect to the 
incident beam. The scan direction is along the specular reﬂection.  
 
X-ray beam is emitted by the X-ray tube and its angular divergence is set by a collimating 
slit. The beam is incident at an angle θ on the sample surface and the detector detects it at an 
angle of 2θ. The diffracted beam reaches the detector after passing through the receiving slits. 
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The name focusing circle geometry is due to the fact that X-ray source the sample and the 
receiving slits all lie on a circle. The sample should be located tangentially to the circle. The 
measurement is very sensitive to the adjustment of the sample height and is affected if it is tilted 
or the sample surface is uneven. Either the sample is rotated or the X-ray source is moved along 
the circle and the position of the detector changes at twice the angle such that scattering vector ?⃗?  
is perpendicular to the sample surface. 
3.8.2 X-ray Diffraction at Grazing Incidence 
Materials with small grain size and random orientation are explored by using a suitable 
measurement geometry shown in Fig. 3.6. A large volume of the sample is illuminated. 
Sensitivity of scattering from the film is increased and scattering from the substrate is 
suppressed. We can fulfill these requirements by using Grazing Incidence X-ray diffraction with 
the help of parallel beam diffractometer illustrated in Fig. 3.6. 
 
Figure 3.6: Parallel beam setup of Grazing-Incidence X-ray diffraction. (a) X-rays emitted from an X-ray 
tube, (b) X-rays are reﬂected and collimated by a parabolic mirror, (c) The reﬂected beam passes through 
a parallel beam collimator and (d) reaches the detector. 
 
X-ray are emitted by an X-ray tube and are deflected by a mirror known as Gӧbel mirror. 
This mirror is actually a parabolically curved multilayer made from two different elements (e.g. 
W/Si and Ni/C) with large difference in electron density and having a small absorption 
coefficient for X-rays. The incident beam collides the mirror at different points and angles and is 
diffracted as a parallel and intense monochromatic beam. In order to illuminate a large part of the 
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sample and to increase the path length of the beam through the film, the angle of incidence is 
adjusted below 30. Soller slit is used on the detector side to get well defined scattering geometry. 
3.8.3 X-ray Reflectivity 
X-rays, being electromagnetic waves, are refracted according to Snell’s Law when they 
pass through a boundary between optically different media:  
ɳ1Sin φA=  ɳ2Sin φB   3.8 
Where ɳ1 and ɳ2are the refractive indices of two different materials respectively. 
The refractive index of a material for X-ray radiation wavelength λ is expressed as [73-74] 
           ɳ = 1 − 𝛿 − 𝑖𝛽   3.9 
Where 𝛿 is dispersion and its value is very small of the order of 10-s and 𝛽 is the extinction 
coefficient and its value is of the order of 10-6. The real part illustrates the scattering properties of 
the material and imaginary part describes its absorption properties. By Snell’s Law, the critical 
angle is found to be less than 10. X-ray reflectivity is used to measure layer thickness and total 
thickness of mutilayers and to investigate the interface properties of the film. 
Reflected beams from the film surface and film/substrate interface, interfere with each other and 
the resulting interference pattern in shown in Fig. 3.7. 
 
Figure 3.7: Sketch of refracted and reﬂected X-ray beams from the surfaces and interfaces of two 
materials, φ < φA. 
 
This interference pattern consists of periodic peaks and troughs. The troughs are called keissing 
fringes. Other prominent features of the interference pattern are well-defined peaks with much 
higher intensity and large angular separation. These are known as bilayer peaks. The angular 
separation between two successive multilayer peaks corresponds to the bilayer thickness Λ. The 
position of the nth peak can be calculated by: [73-75] 
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𝑆𝑖𝑛2𝜃 = (
𝑛𝜆
2Λ
)
2 
+  2𝛿   3.10 
Where n is the order of reflection. 
One can simulate the X-ray reflectivity data by using Parrat formalism [77]. Reflectivity 
curves can be simulated by using GenX Program [78-79]. Rocking curve scans can be used to 
estimate the layering quality and average roughness at an interface. Rocking curve scan consists 
of two parts: Sharp part corresponds to specular and wide part corresponds to diffuse scattering 
[76,80]. High intensity of the specular part with abruptly decreasing diffuse part is a sign of good 
layering and small thickness variations. 
3.8.4 Transmission Electron Microscopy (TEM) 
Transmission electron microscope (TEM) provides the opportunity to get high-resolution 
real space images and capture the diffraction pattern from a selected region of the sample. In 
order to get high resolution, an electron beam is used. According to Rayleigh criterion for visible 
light microscope: 
𝛿 =  
0.61 𝜆
µ 𝑆𝑖𝑛𝛽
   3.11 
Where 𝛿 is resolution, 𝜆 is the wavelength, µ is the refractive index of the objective lens 
and 𝛽 is half the value of the angle and is formed between the object and the edges of the 
objective lens. [81]. 
The product µ 𝑆𝑖𝑛𝛽  is termed as the numerical aperture. As µ 𝑆𝑖𝑛𝛽  is approximately 
equal to 1, so the resolution mainly depends on the wavelength. Atomic resolution can be 
obtained by using an electron beam of wavelength 𝜆 in the picometer range. 
For use in a TEM, a specimen needs to be transparent for electrons and hence must be 
thinner than 100 mm. The sample preparation process involves two steps. First of all the sample 
is thinned by mechanical dimple grinding down to a few micrometers and then by ion milling 
down to electron transparency. During the preparation process, attention must be given for 
introducing artifacts in the sample structure because ion milling cannot take much material away 
and the mechanical polishing does not reach the necessary precision. Usually, ion milling is 
performed until a small hole appears in the specimen. Then, there is a zone in the rim of the hole 
where the specimen has suitable thickness cross-sectional samples of multilayers can be prepared 
in the same way: two multilayer samples are glued face to face, and a hole is ground and 
spattered such that the hole transects the glue line. Inside the TEM, an electron beam of energy 
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between 200 to 300 keV illuminates the specimen and a system of electromagnetic lenses is used 
to get highly magnified images. A converting objective lens is placed after the sample followed 
by an intermediate lens and a powerful projector lens which produces the final image on the 
screen. 
3.9 Magnetic Characterization 
Two methods have been employed to investigate the magnetic properties of Ag/Ni 
multilayers and Sm-Co thin films. One is magneto optic Kerr effect (MOKE) and the other is 
Super Conducting Quantum Interface Device (SQUID) magnetometry. MOKE is used to record 
changes in magnetization versus applied magnetic field and temperature while SQUID 
magnetometry is employed to determine the value of the average sample magnetization and the 
size of the magnetic moment. 
3.9.1 Magneto – Optic Kerr Effect 
MOKE has become a master tool to investigate thin films [82-83] and superstructures 
[84-85] because of its versatility. Magneto-optic effect observed in transmission is known as 
Faraday effect and magneto-optic effect observed in reflection is referred to as Kerr effect. In 
1845, Mechael Faraday studied the magneto-optic effect and according to him, when polarized 
light passes through a piece of glass placed in a magnetic field, the polarization plane of the 
outgoing light is rotated. This is known as Faraday effect. 
On the other hand, Kerr observed the change of polarization state of linearly polarized 
light upon reflection from a polished, soft iron pole-piece of an electromagnet [86-87].  
The effects are observed due to the basic characteristic of polarized light that it interacts with 
the orbital motion of the electrons in a material. Optical properties of the material are determined 
by the motion of electrons. The electron spin is coupled to its motion through the spin-orbit 
interaction and there exists a link between the optical and magnetic properties. Consequently, 
magneto- optic methods are tools for probing those parts of the electronic structure that create 
the magnetic phenomena [92]. Due to the energy levels that correspond to the wavelengths that 
are usually used in MOKE measurements, the incident light can interact with the electrons 
occupying the conduction band. 
For the incident beam either s- or p-polarization can be used. In case of s-polarization, 
the electric field vector is perpendicular to the scattering plane, defined by the incident and 
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reflected beam, while in case of p-polarization, it is parallel. After reflecting from a 
magnetized medium, the light becomes elliptically polarized and the major axis of the ellipse is 
rotated through a small angle θK with respect to the initial polarization. Schematic diagram of 
the effect is shown in Fig.3.8, where p-polarized light is reflected on a magnetized sample. 
 
 
 
Figure 3.8: Linearly p-polarized light is incident on the sample and can be analyzed into two circularly 
polarized beams, one left-hand and one right-hand, with respect to the propagation direction. Upon 
reﬂection, there exists an s-component in the reﬂected light, Eps together with a p-component, Epp. The 
polarization angle is rotated by the Kerr angle θK and ellipticity is introduced.  
 
According to macroscopic point of view, the linearly polarized incident light can be 
decomposed into a linear combination of a right hand polarized (RHP) and a left hand polarized 
(LHP) electromagnetic waves with equal amplitudes of electric field. In a magnetic medium, 
the two will have different propagating velocities and hence different refractive indices. This 
results in a rotation of the polarization plane and corresponds to the Kerr rotation. Moreover, 
difference in absorption for the two polarization states, occurs due to differences in the 
imaginary part of the refractive index, establish the ellipticity of the reflected light [93]. 
According to the Fig.3.8, changes in the magnetization will obviously result in changes 
in the Eps component. The Kerr rotation θK is equal to Eps/Epp and the ellipticity is:  
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ηK = tan
-1(a/b)   3.12 
For most transition metal compounds θK and ηK are small quantities, usually less than 1
0 [92]. 
Depending upon the relative orientation of the magnetizatim direction with respect to the 
reflection geometry, three geometries are possible [88-90]. In case of polar geometry, the 
magnetization points in the out-of-plane direction of the film and it is parallel to the scattering 
plane. In case of longitudinal geometry, the magnetization lies in the plane of the film and it is 
parallel to the scattering plane. While, in case of transverse geometry, the magnetization lies in 
the film plane but it is perpendicular to the scattering plane. 
After reflection, polar and longitudinal configurations yield a polarization component that 
is perpendicular with respect to the incident polarization as shown in Fig .3.8. Transverse 
configuration does not result in a polarization rotation and only influences the amplitude of 
the incident light as there is no component of the magnetization in the direction of propagation of 
light. 
 
3.9.1.1 MOKE Measurements using Kerr effect 
During magneto-optic Kerr effect (MOKE) measurements, the applied magnetic field H 
is swept at a definite frequency and the variation of the magnetization is recorded. The M(H) 
curves, called hysteresis loops, can be continuously recorded as a function of temperature and by 
analyzing the results, the magnetization versus temperature, or M(T) curve, can be extracted. 
Similarly, we can obtain the zero field magnetization versus temperature curve by selecting the 
value of the remanent magnetization for each temperature step. The change of the coercive field 
HC with temperature can be extracted as well, by plotting the corresponding HC value from the 
M(H) curve at each temperature step. The probing depth of the laser beam for metals is between 
100 – 200 Å for visible frequencies due to absorption of light in the specimen [91]. 
Consequently, the technique can be used to probe the magnetization in layers. 
3.9.1.2 Room Temperature MOKE Set Up 
In this thesis, longitudinal MOKE geometry has been employed. A setup for 
magnetization measurements has been shown in Fig .3.9. The magnetic field is provided by two 
current driven Helmholtz coils and the sample is protected from Earth’s magnetic field by a μ-
metal cover. A linearly polarized beam from a laser source is made incident, on the sample 
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mounted on a rotatable sample holder, at an angle θ. The sample holder is located at the centre of 
pole pieces of the electromagnet. The sample surface is parallel to the magnetic field. 
Conventional Hall-probe is used to detect magnetic field of the poles and the magnetic field 
reaches a maximum value of 600 mT. The laser light after reflection from the sample, passes 
through a Faraday Cell called rotator, an analyzer which is adjusted nearly to extinction point, 
and finally reaches a photodiode. The Faraday cell, consisting of a glass rod surrounded by a 
coil, produces an axial field leading to the rotation of the polarization plane. The rotation is 
defined by Verdet’s law 
θF = V l H 
Where θF is Faraday rotation, H is the magnetic field produced by the coil, l is the length of the 
beam’s path and V is Verdet Constant. 
 
 
Figure 3.9: MOKE setup using the longitudinal conﬁguration. (a) A source of laser beam with an optical 
wavelength (b) linear polarizer (c) Helmholtz coil (d) Faraday rotation (e) the analyzer (f) photodiode 
detector . 
On the application of an AC current in the coil, the reflected beam is modulated in such a 
way that the main polarization plane oscillates with the imposed frequency [93]. Magnetic 
measurements can be made by recording the hysteresis loop resulting from the Kerr rotation. 
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3.9.2 Superconducting Quantum Interference Device (SQUID) 
A SQUID device has been a key factor in the investigation of magnetic materials and 
structures. It comprises a closed superconducting loop that includes one or two Josephson 
junctions in the current path and dc current flows through the closed loop. Due to change of 
magnetic flux through the loop, current is induced and added to the measuring current. 
Consequently, voltage across the two measurement points is also changed as it is proportional to the 
current flowing through the loop. Each voltage step represents a single flux quantum passing 
through the loop. In a nutshell, the SQUID operates as a high-sensitivity flux meter where 
integration is performed by counting voltage steps [94]. 
A SQUID device is used in combination with a superconducting magnet in a SQUID 
magnetometry setup. The detection coils are located at the middle of the magnet outside the 
sample chamber in such a way that the magnetic field from the sample couples inductively and 
induces current in the coils when the sample is oscillating through them. Changes in the current 
result in changes in the SQUID output voltage, which are proportional to the sample 
magnetization. The signal is fitted based on the reaction projected from a magnetic dipole and 
the absolute value of the sample magnetization can be measured with accuracy in a calibrated 
system [95]. Sample magnetization versus temperature can be recorded by using SQUID setup 
and there are a number of protocols for measuring M(T) curves.  
M(H) curves at a given temperature can also be recorded. SQUID does not feature a 
similar data point density as MOKE during the collection of hysteresis loops and the M(H) 
measurements can also be time-demanding. 
By using different frequencies, the in-phase and out-of-phase components of the 
magnetic susceptibility can also be measured. Moreover, the frequencies used for SQUID 
measurements are well below 103 Hz. As the size of the sample must be smaller than the size of 
the pickup coils so the sample needs to be cleaved. The area of a thin ﬁlm sample is typically less 
than 5 mm2. As SQUID measurements are bulk magnetization measurements so the total sample 
magnetization is measured in case of thin ﬁlm samples and this includes the substrate as well. 
Therefore, it is essential to correct for the para- or diamagnetic contribution of the substrate. The 
magnetic moment of the sample can be extracted from the saturation magnetization of the M(H) 
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curve and this requires the accurate knowledge of the sample volume, density and thorough 
corrections for the substrate contribution. 
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Chapter # 4 
Growth of polycrystalline Ag/Ni multilayers at room temperature 
4.1 Introduction 
Multilayered materials have received considerable interest in recent years, mainly due to 
their technological applications in giant magnetoresistance (GMR) sensors [96] and 
perpendicular magnetic recording media [97]. However, multilayers (the non-coherent 
counterpart of superlattices) have a wider appeal as they provide us with a means to study the 
influence of reduced thickness, interfaces and interlayer coupling on a variety of physical 
properties. In the case of magnetism, reduced dimensionality can have profound effects on the 
magnetic ordering [98], and interfaces can result in spin-dependent scattering [1-2] as well as 
having different anisotropy from the ”bulk” material [18,99]. Furthermore, interlayer coupling 
can give rise to effects such as proximity induced magnetism [83], interlayer exchange coupling 
[100] and dipolar coupling in patterned structures [101].  
Ag/Ni multilayers were studied intensively in the nineties due to their potential for high 
GMR ratios [20-22]. Recently however, interest has been renewed in such systems due to the 
possibility of coupling the magnetic properties ferromagnets with the plasmonic properties of the 
noble metals, thus resulting in so-called magnetoplasmonic structures [23]. As an example, 
surface plasmons have been found to enhance strongly the magneto-optical response of Au 
coated Ni anti-dot arrays [102]. Ag and Ni are immiscible metals and therefore they should 
produce sharp interfaces [20]. However, silver-containing multilayers are particularly 
challenging to manufacture due to the high mobility of silver on substrates such as SiO2 resulting 
in extreme Volmer-Weber (or island) growth [24] which is strongly detrimental to the layering 
quality. Therefore, liquid nitrogen temperatures were previously needed to obtain satisfactory 
layering in Ag/Ni multilayers [20,22,25-26], which is highly undesirable from a practical point 
of view.  
Here, we demonstrate a route to obtain high quality Ag/Ni multilayers with room temperature 
magnetron sputtering. This is achieved through the use of an amorphous AlZr buffer layer which 
has been shown to grow amorphous on Si substrates. The AlZr ensures wetting of the substrate 
41 
 
by subsequent layers, thus reducing roughness and promoting well-layered growth. We examine 
the layering quality by x-ray scattering and electron microscopy and we also study how the 
magnetic properties vary with the non-magnetic interlayer thickness. 
4.2 Experiment 
The Ag/Ni multilayers were grown in an ultrahigh vacuum system by dc magnetron 
sputtering. The base pressure of the system was less than 3 x 10-9 mbar and the pressure of the Ar 
gas during growth (with a purity of 99.9999%), was 2.7 x 10-3 mbar. All the samples were grown 
on Si(100) single-crystal substrates with the native oxide intact. The growth was carried out at 
room temperature but the substrates were annealed at 550 °C for 30 minutes prior to deposition 
to remove surface impurities. The substrates were rotated during deposition to get a uniform 
thickness.  First, a 20 Å thick buffer layer of Al0.7Zr0.3 was deposited on the substrate from an 
AlZr alloy target to encourage layer-by-layer growth of the Ag and Ni. The AlZr has been shown 
to grow amorphous on Si substrates and facilitate the stabilization of amorphous phases in 
various alloys such as SmCo and FeZr [61,103]. 
Next, Ag and Ni layers were alternately deposited from targets of 99.99% purity, with 
deposition rates of 1.21 Å/s and 1.05 Å/s, respectively, as calibrated using X-ray reflectivity 
measurements. The Ag/Ni bilayer was repeated 15 times and the first layer was Ag in all cases. 
To prevent oxidation, the samples were capped with a 30 Å Al0.7Zr0.3 layer. The layering of the 
sample is illustrated in the inset of Figure 4.1. In all samples the thickness of the Ni layer was 
kept constant at 25 Å whereas the thickness of the Ag layer was varied between 2.5 and 20 Å.  
Structural analysis was performed by X-ray diffraction (XRD), X-ray reflectivity (XRR) 
and cross-sectional transmission electron microscopy (TEM). The XRD was carried out in a 
Bragg-Brentano geometry with a monochromator on the diffracted side whereas the XRR was 
performed in a parallel beam geometry with a Goebel mirror on the incident size, both using Cu 
Kα radiation with λ = 1.5418 Å. Thicknesses of the layers, their densities and interface widths 
were found by simulating the XRR data. A Transmission Electron Microscope (TEM) lamella 
cross-section was prepared from the Ag/Ni 20/25 Å film. The lamella was prepared using the 
Focused Ion Beam (FIB) in-situ lift-out method on a Strata DB235 FIB from FEI company using 
an acceleration voltage of 30 kV. The sample was thinned to approximately 100 nm at this 
energy and then subsequently polished using gallium ions accelerated at 5 kV. The finished 
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lamella had a t/λ thickness of < 0.6 where λ is the electron mean free path. The sample was 
investigated in a Tecnai F30 TEM (FEI company) equipped with a SuperTwin objective lens 
operated at 300 kV. An Ultrascan 863 CCD 2K camera was used to acquire the images and a 
Tridiem Gatan Image Filter was used to acquire the Energy Filtered TEM (EFTEM) data (Gatan 
Inc.) 
Magnetic characterization of the samples was performed by magneto-optic Kerr effect 
(MOKE) measurements in the longitudinal geometry with a s polarized light. The samples were 
rotated around the azimuthal angle θ i.e. around the film normal and the full hysteresis loops 
were recorded at θ = 0°, 45° and 90°. All measurements were taken at room temperature. 
4.3 Results and discussion 
4.3.1 X-ray Reflectivity 
The layering is clearly visible from XRR data which shows first and second order Bragg 
peaks corresponding to the Ag/Ni multilayer period in all the samples. Some representative XRR 
scans are shown in Figure 4.1. 
 
 
Figure 4.1: X-ray reflectivity scans for samples with varied Ag layer thickness as indicated in 
Ångströms. The scans are offset for clarity. First and second order multilayers peaks are clearly seen. 
Inset: The layer structure used for fitting the reflectivity. 
As the thickness of the Ag layer increases, so does the thickness of the bilayer which 
results in a shift of the Bragg peaks towards smaller 2θ values [104,73]. The height of the Bragg 
peaks increases with increasing Ag thickness due to the increased density contrast between the 
43 
 
layers. The Bragg peak width also increases which is an indication of a smearing of the bilayer 
thickness, as a result of the increase in roughness with increasing total thickness. Also visible are 
the narrow Kiessig fringes with a periodicity corresponding to the total thickness of the film as 
well as wide fringes corresponding to the capping layer thickness. The data can be fitted by 
assuming the layer model depicted in the inset to Fig.4.1 and such fits confirm that the bilayer 
thicknesses are within 5% of the designed thickness. In order to reproduce the anomalous width 
of the Bragg peaks, a linear increase of the interface roughnesses throughout the multilayer is 
assumed. Nonetheless, the root-mean-squared roughness of the top layers is only approximately 
1.5 nm for the 20/25 Å sample. 
4.3.2 Rocking Curves 
Fig.4.2 shows transverse scans (rocking-curves) around the first order Bragg peak. In 
these scans, the scattering vector length is fixed at the 2θ value of a Bragg peak while the 
incident angle omega is varied. The high and narrow intensity profile around Δω = 0 corresponds 
to specular reflection whereas the broad background at higher Δω corresponds to diffuse 
scattering. For the thinnest Ag layer, only a specular scattering contribution is observed 
indicating a very low roughness but with increasing Ag thickness the specular peak is 
superimposed on a wide diffuse scattering background. Such diffuse scattering arises from 
roughness of the bilayer which clearly increases with increasing Ag thickness. To quantify this 
we plot the ratio of the specular peak area to the total scattering area in the inset of Figure 4.2. 
Despite the increase in diffuse scattering, the fraction of specular scattering increases with 
increasing Ag thickness. This shows that the layering is robust even in the thickest samples 
where roughening is producing a significant diffuse scattering contribution. 
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Figure 4.2: Transverse scans (rocking-curves) around the first order bilayer peaks of the Ag/Ni 
multilayers. The specular peak is shifted to zero ω = 0. The 10/25, 15/25 and 20/25 Å sample scans are 
shifted up by a factor of 10, 100 and 1000, respectively. Inset: The ratio of the area of the specular peak 
Aspec and the total area of the scattered X-rays Atot (specular and non-specular), as a function of the Ag 
layer thickness. An increase in the Aspec/Atot ratio is clearly seen with increasing thickness of non 
magnetic spacer layer.  
4.3.3 High angle θ–2θ X-ray diffraction 
Both Ag and Ni grow with a [111] out-of-plane texture (the [111] direction is 
perpendicular to the film plane) on substrates where no epitaxial relationship with the Ag or Ni 
exists, such as amorphous SiO2. This is due to the fact that the (111) planes are the planes of 
lowest surface energy in an fcc lattice. The texture evolution of the Ag/Ni multilayers with 
increasing Ag thickness is presented in Figure 4.3. Although a single layer of Ni has a clear 
[111] out-of-plane texture (not shown), the 5/25 Å multilayer is only weakly [111] textured, as 
seen by the presence of a small, broad peak which is slightly shifted from the Ni (111) position. 
The periodic insertion of 5 Å of Ag disrupts the [111] texture evolution resulting in a more 
random texture, which is also supported by the presence of Ni [111], [200] and [220] peaks in a 
grazing incidence diffraction geometry (not shown). With increasing Ag thickness, clear 
multilayer peaks emerge around a principal [111] peak, labelled ‘0’ in the figure.  
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Figure 4.3: High angle θ–2θ X-ray diffraction measurements for Ag/Ni multilayers with different Ag 
thicknesses. The vertical scale of the top graph has been multiplied by a factor of 0.5. The expected 
position of the Ag (111) and Ni (111) peaks is shown by the grey vertical lines and the grey sloping line 
highlights the shift in the zeroth order peak. Model data is shown in red, arbitrarily scaled to make 
comparison easier. An increasingly strong [111] out-of-plane texture is observed with increasing Ag 
thickness. 
The multilayer peaks arise from the modulation in the [111] lattice spacing and from their 
2θ positions one can for example calculate the periodicity to be 35.4 Å and 43.8 Å for the 
nominally 10/25 Å and 20/25 Å samples, respectively. The principle peak represents an average 
lattice parameter for the entire multilayer and can be seen to shift from higher to lower angles as 
the multilayer becomes more Ag rich, as indicated by the line cutting the zeroth order peaks. It 
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should be noted that this peak does not represent an alloy of the Ag and Ni as these materials are 
immiscible.  
Figure 4.3 also shows calculated diffraction patterns for the different multilayers. There is 
excellent agreement of the positions of the principle diffraction peak and the satellite diffractions 
with the measured data. More rigorous calculations carried out via a compositionally modulated 
model for the multilayers show that the multilayer period is within 3% of the of the nominal 
value [23,24]. While the positions of the principle peak and satellites are practically identical for 
experiment and calculation, the relative intensities of the satellites are larger in the calculated 
pattern. The relative intensities are sensitive to either roughness or the amount of interdiffusion 
at the interfaces.  
Multilayer peaks are not visible in a θ–2θ measurement unless the sample has an out-of-
plane texture and a clear modulation is present in the lattice parameter. However, in the absence 
of texture, such a measurement geometry will not give any information about the layering of thin 
films. Therefore it is clear that the combination of XRD and XRR is vital to see the quality of the 
layering, irrespective of film texture. Both methods show that the quality of layering is excellent, 
although there is a small interface roughness or mixing present. Though the phase diagram of the 
system is monotectic and the mixing enthalpy of Ag and Ni is positive and very large [107], it is 
known that due to the high energy of sputter deposition a small mixing may be allowed and Ag 
and Ni can form a highly metastable solid solution strictly at the interface. Short time annealing 
would help to improve the already high quality of the samples to the ideal limit, as for example 
was shown previously for Au/Co superlattices [108]. 
4.3.4 Scanning TEM 
To confirm the layering quality and elemental separation in the multilayers, an electron 
energy loss spectral image map was acquired for the 20/25 Å sample.  The TEM was operated in 
Scanning TEM (STEM) mode and a High Angle Annular Dark Field (HAADF) detector was 
used to acquire the reference image seen in Fig.4.4.  The dominant contrast mechanism in this 
figure is related to the atomic mass with heavier elements appearing brighter.  A clear distinction 
between the Ag and Ni layers is thus revealed.  The layers closest to the SiO2 surface are quite 
flat, but as the film thickness increases, the layers start to bend in unison, forming a wavy 
structure with a domain size on the order of some 50 nm.  Despite this bending, the layers retain 
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their connectivity.  The good chemical separation of the layers is also demonstrated by the colour 
inset in Fig. 4.4. 
 
 
Figure 4.4: STEM image of the Ag/Ni 20/25 Å sample with an electron energy loss spectral map overlay 
from a selected region.  The STEM image was acquired with an HAADF detector revealing mass 
contrast.  The spectral image map was generated by integrating over the Ag-M4,5, Ni-L2,3, and O-K edges 
in the electron energy loss signals for each pixel.  Some spatial drift is observed in the map which can be 
considered an acquisition artefact.  
4.3.5 Longitudinal MOKE 
The room temperature magnetic response of the samples, measured by longitudinal 
MOKE magnetometry can be seen in Fig. 4.5(a), for different Ag thicknesses. The shape of the 
hysteresis changes with increasing Ag thickness, from a fairly square-shaped loop to a more 
slowly varying magnetization. Rotating the sample around the azimuthal angle reveals no 
significant change in the hysteresis, showing that there is no in-plane anisotropy. This is 
consistent with the random in-plane crystalline texture observed in the TEM. Figure 4.5(b) 
shows how the coercivity and remanent magnetization decrease with increasing Ag thickness. 
The decrease in remanence can be explained by the competing anisotropies induced by the 
increasing out-of-plane [111] texture of the multilayers with Ag thickness. The 
48 
 
magnetocrystalline anisotropy of Ni favours an alignment of magnetization along the [111] 
crystal direction whereas  
 
Figure 4.5: Magnetic hysteresis loops, measured by longitudinal MOKE magnetometry for different Ag 
thicknesses. All measurements were taken at room temperature. A transition from a square to a more 
sloped hysteresis is observed with increasing Ag thickness. 
the shape anisotropy will favour an in-plane alignment of the magnetization [11]. For the 
randomly textured thin-Ag multilayers, the magnetocrystalline anisotropy is smeared out and the 
shape anisotropy dominates, resulting in in-plane alignment of magnetization with a remanence. 
As the [111] out-of-plane texturing increases, the magnetocrystalline anisotropy introduces an 
anisotropy energy term which favours out-of-plane alignment. However, as the shape anisotropy 
is still dominant the result is mainly a small reduction in the remanent magnetization. Such 
structural changes could also explain the reduction in the coercive field where the more 
randomly oriented grain boundaries in the thin Ag multilayers could act as pinning sites for 
domain walls.  
Interestingly, we do not observe a transition from ferromagnetic interlayer coupling to 
antiferromagnetic coupling, as previously observed in Ag/Ni multilayers in this thickness regime 
[26]. This was ascribed to the oscillatory nature of the RKKY interlayer exchange coupling with 
the non-magnetic spacer layer thickness. The absence of such a transition could be an indication 
of an extreme sensitivity of the interlayer exchange coupling to small variations in interlayer 
thickness. However, given the layering quality and relative smoothness of the films this seems an 
unlikely explanation. Another possibility is that the interlayer coupling could be dependent on 
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the texture of the multilayer. The peak in the antiferromagnetic coupling has previously been 
observed for a Ag thickness of approximately 11 Å [26] and in our samples of similar thickness 
the texturing is rather weak. It may be that the randomness in the grain orientations and the 
associated small grain size result in a disruption of the RKKY coupling. However, it should be 
noted that antiferromagnetic interlayer exchange coupling has even been seen with amorphous 
metallic spacer layers and therefore such a strong texture dependence would be rather surprising. 
The reason for the absence of antiferromagnetic coupling therefore remains an open question. 
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Chapter#5 
Tailoring magnetism at the nanometer scale in SmCo5 amorphous films  
5.1 Introduction 
Device miniaturization has made the tailoring of magnetism at the nanometer scale a goal 
of great interest [109-110]. As the dimensions of a magnetic material are reduced, many of its 
key magnetic properties are altered such as the type of ordering, the ordering temperature and the 
magnetic anisotropy. SmCo5 can be viewed as a model system in this context, due to its intrinsic 
magnetic properties that combine a high Curie temperature, large coercivity, high magnetic 
anisotropy and high moment [111]. On the basis of these properties, SmCo5 is also a suitable 
material to use in many applications, such as high-performance permanent magnets and high-
density data storage media. Most studies report solely on bulk SmCo or epitaxial films (see for 
instance [63,112-114]) whereas only few groups have reported results on some amorphous 
ﬁlms.[61,115-119]. Amorphous materials deserve much attention due to their unique physical 
properties. However, the physical origins of these properties are not well understood, in part due 
to the limited amount of theoretical work on such disordered materials, which makes them 
interesting from a fundamental point of view.  
Field-induced magnetic anisotropy is one of the captivating features of amorphous 
materials. The origin of this induced anisotropy is not fully established, and has been extensively 
debated [120-121. In this work, we study the magnetic properties of SmCo5 amorphous thin 
films, in the thickness range of 2.5 to 100 nm, which have imprinted uniaxial in-plane 
anisotropy. We examine how the anisotropy changes as the thickness is changed and relate the 
observed changes to the structural properties of the films. Such an investigation is important 
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considering the potential of SmCo5 amorphous films in applications based on thin layered 
structures as well as to increase understanding of the basic relationships between structure and 
magnetism in general. 
5.2 Experimental Details 
SmCo5 thin films with thicknesses ranging from 2.5 to 100 nm were prepared by dc 
magnetron sputtering. The base pressure of the chamber was below 9.10-10 mbar and the 
operating pressure of Ar gas, with a purity of 99.9999%, was 2.710-3 mbar during growth [122-
123]. Prior to the growth, the Si(001) substrates with a size of (10 × 10 × 0.5 mm3) and a 1 μm 
thick thermal oxide layer were annealed at 500C for 30 minutes. During the deposition of the 
layers, an external magnetic field of 100 mT was applied parallel to the [100]Si(001) substrate 
direction. This process results in a uniaxial in-plane magnetic anisotropy and allows us to define 
an easy magnetization axis in the amorphous layers [124]. A 2-nm-thick amorphous Al70Zr30 
seeding layer, deposited from a compound target, was used to facilitate an amorphous growth of 
the SmCo5 layers. The use of an Al70Zr30 seeding layer offers several advantages for the 
fabrication of high quality thin films. It facilitates wetting, has good surface uniformity and is 
structurally stable which prevents interdiffusion between layers. The SmCo5 layers were 
deposited at room-temperature using co-sputtering from Co and Sm sources (99.9% purity). A 
final 3-nm-thick Al70Zr30 capping is used to protect the SmCo5 from oxidation and to provide 
symmetric boundaries for the magnetic layer. The structural characterization of the resulting 
films, attesting to their amorphous character, homogeneity, and the well-defined interfaces is 
shown in Ref. [61]. The surface roughness was determined using an atomic force microscope 
(AFM) working at ambient conditions, complementing the previous structural characterization. 
Magnetization measurements were performed in the temperature range of 100 - 380 K using a 
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magneto-optical Kerr effect (MOKE) setup, in the longitudinal and polar geometries, using s 
polarized light. The magnetic domains were investigated by using a magneto-optical Kerr 
microscope with red light ( 680 nm) illumination, working at ambient conditions, to image 
large areas up to 425 x 325 m2 on the SmCo5 surface. 
5.3 Results and Discussion 
In-plane magnetic hysteresis loops were measured at room-temperature in a magnetic field 
up to 550 mT. The field was applied in the film plane along and perpendicular to the [100] 
Si(001) substrate direction, which correspond respectively to the easy and hard axes directions. 
As can be seen in figure 5.1 (a), the SmCo5 thin films exhibit an easy magnetic response along 
the [100]Si(001) substrate direction, (i.e. parallel to the field applied during growth). However, 
the shape of the curves and the coercive field are strongly dependent on the SmCo5 ﬁlm 
thickness. A square shaped hysteresis can be seen for the thickest films, while this square shape 
is less well defined for films thinner than 10 nm. This observation indicates a reduction of the 
induced magnetic anisotropy with decreasing film thickness. The reduction of the magnetic 
anisotropy is also evident from the decrease of the Mr/Ms ratio for thinner films, where Mr, and 
Ms are the remanent and saturation magnetizations, respectively. Similar conclusions can be 
drawn from the hysteresis loops along the hard axis for films with different thicknesses 
[Fig.5.1(b)]. As shown in the figure, the loop of a 40 nm thick film is highly linear along the hard 
axis with a high magnetic saturation field, whereas for the thinnest films (2.5 and 10 nm) the 
saturation field is much smaller. 
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To reveal the details of the dependence of the magnetic properties on film thickness, we 
plot the saturation field along the in-plane hard axis and the coercivity for different film 
thicknesses.  
 
Figure 5.1: In-plane magnetization curves of SmCo5 amorphous films with different thicknesses: 2.5, 10, 
and 40 nm. The magnetic field was applied (a) parallel, and (b) perpendicular to the easy axis. 
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Figure 5.2(a) shows the in-plane saturation field of the films, recorded at room-temperature. The 
in-plane saturation field is found to increase with increasing film thickness, up to about 20 nm 
where it levels off. The observed in-plane anisotropy originates from the magnetic field applied 
during film growth. The origin of the induced anisotropy in amorphous materials is not fully 
understood and has been the subject of intense controversies [120-121]. 
 
 
Figure 5.2: Changes of the (a) in-plane saturation field, and (b) coercive field, for the amorphous SmCo5 
films as a function of the film thickness (t). 
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Bond orientational anisotropy [120] is the most commonly suggested mechanism, wherein an 
orientational correlation of the local coordination of atoms results in a short range chemical 
order. On the other hand, amorphous rare-earth transition metal thin films are known to exhibit 
an out-of-plane magnetization [125]. The origin of the observed perpendicular anisotropy has 
been explained by the single ion anisotropy model, in combination with an elastic deformation 
during film deposition [126]. The thickness dependence of the saturation field can be rationalized 
as a competition between the interface induced out-of-plane anisotropy of SmCo5 and the 
induced in-plane anisotropy. If this rationalization is correct, a decrease of the film thickness will 
favor an out-of-plane alignment of the moments, and consequently a decrease of the in-plane 
anisotropy. In order to test this assumption, we have measured the out-of-plane hysteresis curves  
 
Figure 5.3: Out-of-plane magnetization curves of SmCo5 amorphous films with different thicknesses: 
2.5, 3.1, and 10 nm. The inset shows the change of the out-of-plane saturation field as function of the film 
thickness.  
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for films with different thicknesses. As shown in Figure 5.3, the out-of-plane saturation field 
decreases with decreasing film thickness. It should be noted that the out-of-plane magnetization 
of the thinnest films is not fully developed, due to shape anisotropy. 
To quantify the contribution from the interfaces and the interior part of the magnetic  
 
Figure 5.4: (a) The inverse film thickness dependence of the in-plane anisotropy constant Kip, a linear fit 
to Kip is shown as a red solid line. (b) Schematic illustration of the structure of the layers 
(Al70Zr30/SmCo5/Al70Zr30), t is the full thickness of the SmCo5 film. This figure highlights the two 
contributions of the in-plane anisotropy constant (Kip):volume (𝐾𝑖𝑝
𝒗𝒐𝒍)  and interface (𝐾𝑖𝑝
𝒊𝒏𝒕), is the 
extension depth of the interface contribution. 
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layers, we use a generic one dimensional interface model [127]. A magnetic layer with the 
thickness t is assumed to have interface regions, each with the extension , and an interior region 
with the extension t-2, as illustrated in Figure 5.4(b). When plotting, for example, 
magnetization or anisotropy as a function of the inverse thickness, the extrapolation to zero will 
yield the interior properties, while the slope gives the difference between the interior and the 
interface regions. This is demonstrated in Figure 5.4(a), which shows the inverse thickness 
dependence of the in-plane anisotropy constant (Kip). The in-plane anisotropy constant for each 
of the samples was calculated using  
𝐾𝑖𝑝 = 𝐻𝑠.𝑀𝑠
0
2
   5.1 
where Ms is the saturation magnetization measured by SQUID, and 0 is the magnetic 
permeability [18]. As seen in the figure,𝐾𝑖𝑝 is inversely proportional to the film thickness, 
characteristic of an interfacial anisotropy effect. Using the generic interface model discussed 
above, the in-plane anisotropy constant can be expressed as [127] 
𝐾𝑖𝑝 = 𝐾𝑖𝑝
𝒗𝒐𝒍 +
2
𝑡
(𝐾𝑖𝑝
𝒊𝒏𝒕 − 𝐾𝑖𝑝
𝒗𝒐𝒍) 5.2 
where 𝐾𝑖𝑝
𝒗𝒐𝒍is the anisotropy constant within the interior region of the layers (t-2), and (𝐾𝑖𝑝
𝒊𝒏𝒕) is 
the anisotropy constant at the interface with the extension,(see Figure 5.4(b)). This function has 
three parameters 𝐾𝑖𝑝
𝒗𝒐𝒍, 𝐾𝑖𝑝
𝒊𝒏𝒕, and . The extrapolation of the linear fit of Kip at infinite thickness 
provides a volume contribution of 𝐾𝑖𝑝
𝒗𝒐𝒍2.04 x 105 J/m3. A unique solution cannot be obtained 
for the interface region, without additional information.  For example, if the thickness of the 
layers is smaller than 2, only the interface related anisotropy would be present. This would be 
seen as a leveling of the plot of anisotropy versus the inverse thickness of the samples, when t < 
2. Thus, we know the extension of the interface region is smaller than one half of the thinnest 
sample. However, we can assign a value to , and explore which anisotropy constant the 
extension gives. Assuming to take the value of 0.25 nm(atomic layer), the calculated𝐾𝑖𝑝
𝒊𝒏𝒕 is -
5.78 x 105 J/m3.The negative value of 𝐾𝑖𝑝
𝒊𝒏𝒕 implies reorientation of the spontaneous 
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magnetization, from  in-to out-of plane, when the film thickness is below a critical value [128]. 
This is in line with the out-of-plane magnetization measurements shown in Figure 5.3. 
The coercive field as function of the film thickness is presented in Figure 5.2 (b). The 
coercivity dependence exhibits two different regimes: for film thicknesses in the range of 2.5 to 
3.75 nm, a pronounced decrease of the coercivity is seen. By decreasing the film thickness from 
3.75 to 2.5 nm, the 0Hcvalues decrease from 47 to 2.5 mT, respectively. In many cases, a 
thickness dependence of the coercivity of a film is related to changes in the surface roughness. 
AFM measurements were therefore performed to determine the surface roughness of the films 
Fig. 5.5 (a) and (b) show representative AFM images of SmCo5 films having thicknesses of 3.75, 
and 60 nm, respectively. Both films are very smooth and no significant change in the surface 
roughness of the films is seen. The deduced RMS roughnesses are 0.27 and 0.24 nm, for film 
thicknesses of 3.75 and 60 nm, respectively, close to the AFM instrument’s resolution. 
 
 
Figure 5.5: Atomic force microscopy images of SmCo5 amorphous films with different thicknesses: (a) 
3.75, (b) 60 nm. Both images were recorded on the same scale of 1 x 1 m2. 
59 
 
This small roughness is not surprising due to the high homogeneity induced by the use of an 
amorphous Al70Zr30 buffer layer [129] and is in agreement with x-ray reflectivity and 
transmission electron microscopy measurements on similar films with a thickness of 60 nm (see 
Ref. [61]). Therefore, we can rule out changes in the surface roughness as the cause for the 
observed changes in coercivity. 
In order to explain this trend we need to consider other structural aspects of the films. For 
crystalline materials, the coercive field is very sensitive to microstructural features such as the 
grain size, the grain shape and the orientation of the easy axes. For example, by decreasing the 
grain size the coercive force required to reduce the magnetization to zero decreases. 
Kronmüller25 has argued that the coercive field depends on the short range chemical order 
induced by the growth process26in amorphous materials. By decreasing the film thickness to a 
critical value, the range of the chemical order decreases, and therefore the coercive field would 
thereby be reduced. It is interesting to note that the magnitude of this short-range chemical order 
is similar to the coherence length deduced by grazing incidence x-ray diffraction measurements 
(1-5 nm), as reported in Ref. [61]. For thicknesses larger than 3.75nm, the coercive field 
decreases with thickness, converging to a value of about 20 mT for films with a thickness above 
30 nm. This change in coercivity can be understood in terms of the surface-interface 
contribution, which should induce an increase of the random anisotropy for thinner films. As the 
film thickness increases, the surface-interface contribution decreases and it is easier for domain 
walls to move, which is reflected in the reduced coercivity. The development of a perpendicular 
anisotropy for the thinnest films may furthermore lead to an increase in the coercivity as the 
direction of the in-plane easy axis is rotated and more energy is required to align the in-plane 
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magnetization. The decrease of the short range chemical order could also lead to a reduction in 
the magnetic interaction when the film thickness is decreased [132]. 
Information on the effective magnetic interaction can be obtained by plotting the change 
of the remanent magnetization as function of temperature for films with different thicknesses 
(Fig. 5.6). The measurements were made by making several hysteresis curves at a fixed 
temperature with the applied field parallel to the easy axis and deducing the remanent 
magnetization at each temperature. These curves show that all the films are ferromagnetic and 
that the Curie temperature decreases with decreasing the film thickness. 
 
Figure 5.6: Change of the remanent magnetization as function of temperature for SmCo5 thin films with 
thicknesses of 2.5, 2.8 and 3.75 nm. The measurements were done along the easy axis. The normalization 
was made by dividing the data by the values of the remanent magnetization at 100K.  
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The deduced Tc for the 2.5-nm-thick film is around 318 K, for films thicknesses larger than 2.8 
nm the Tc cannot be determined due to the limited temperature range available in the MOKE 
setup (380 K). However, the decrease of the Tc by decreasing the film thickness is evident from 
the change of the slope of the magnetization curve. The decrease in the TC can be understood by 
the reduction in the Co-Co exchange interaction, due to the decrease in the short range chemical 
order[132] for the thinnest films (3.75 nm), as well as finite size effects which are well known 
in crystalline and amorphous layers. 
The changes of the magnetic properties of SmCo5 amorphous films as a function of the film 
thickness have an important effect on their domain structure. Figure 5.7 shows the Kerr 
microscopy images recorded at room-temperature for films with different thicknesses. These 
images were recorded under an applied in-plane field perpendicular to the easy axis. For a 25-
nm-thick film, small zigzag domains can be seen [Fig. 5.7(a)]; these domains propagate along 
the easy axis when applying a field perpendicular to the easy axis. However, the shape of the 
walls is not well defined, and their propagation is not stable. As the film thickness increases, the 
domain size increases, becomes more regular in shape and the zigzag angle decreases. Zhao, et 
al.[133] have shown that the roughness (surface/interface contribution) does increase the wall 
energy, and the demagnetizing factor parallel to the ﬁlm surface. Therefore, the zigzag domains 
become unstable when the film thickness decreases, which is consistent with our observations. 
For the thickest films, the surface/interface contribution is less important than in the thinnest 
films, and therefore their zigzag domains are well defined. Furthermore, different studies have 
been carried out to understand the dependence of the zigzag domains on the film thickness [134-
136]. This dependence can be calculated by minimizing the magnetostatic energy. Taylor has 
proposed an analytical approximation for the thickness dependence of the zigzag angle for walls  
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Figure 5.7: Kerr microscopy images of domain structure of SmCo5 amorphous films with different 
thicknesses: (a) 25, (b) 50, (c) 72, and (d) 100 nm. The magnetic field was applied perpendicular to the 
easy axis.(e) Change of the zigzag angle () as a function of the film thickness (t), the dots and the 
continuous red line account for the experimental data and the fit according to the following formula: 
 = B+ A/t  as reported in Ref. [136]. 
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having a Bloch-type core:  = B+ A/t where t is the film thickness, A is a constant; and B is the 
angle below which the zigzag walls disappear due to the high magnetostatic energy. Assuming 
that B is around 9, which is similar to the angle found in GdCo amorphous films [136],the 
experimental data can be fitted using the formula above [Figure 5.7(e)]. The zigzag angle of the 
wall decreases when increasing the film thickness, which can be argued to be caused by the 
relative decrease of the interface contribution. 
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Chapter # 6 
Layer by layer growth of polycrystalline Ni thickness dependent Ag/Ni 
multilayers at room temperature 
6.1 Introduction 
Metallic multilayers have grasped substantial attention and interest in the last two decades 
due to their technological applications, new advanced fabrication techniques and related 
theoretical methods. These artificially designed materials provide us with the opportunity to 
study the influence of the reduced thicknesses, interfaces and interlayer coupling of the elemental 
layers on their structural, mechanical, magnetic and transport properties. The alternation of two 
thin metallic layers gives us the opportunity to study new effects arising from the interaction 
between these two layers or between two layers of the same material through the thin layer of the 
other one. In multilayered systems, a large number of layers can be stacked using current 
laboratory techniques and parasitic effects such as oxidation can be avoided. Metallic multilayers 
are especially important due to the giant magnetoresistance (GMR) effect with its applications in 
perpendicular magnetic storage media [ 1,20,21,96,97]. 
 Regarding magnetism, reduced dimensionality can have perceptive influences on the 
magnetic ordering [10] and interfaces can cause spin-dependent scattering [1,2]. Moreover, 
interlayer coupling can cause significant effects for instance interlayer exchange coupling [100], 
proximity induced magnetism [83], and dipolar coupling in patterned structures [101]. 
Silver nickel multilayers have been studied extensively by the researchers in the early 
nineties by virtue of their prospective for high GMR ratios [1,20,22]. Recently, interest in such 
systems has been rehabilitated due to the probability of coupling the magnetic properties of 
ferromagnets with the plasmonic properties of the noble metals known as magnetoplasmonic 
structures [25]. As Ag does not alloy with transition metals so non-miscible Ag and Ni elements 
could produce sharp interfaces [20]. Our interest in this system was motivated by the fact that 
Ag/Ni multilayers were grown at liquid nitrogen temperatures and multilayers containing silver 
were predominantly exigent to fabricate due to the high mobility of silver on substrates like SiO2 
and thus ensuing in island growth [24] which is strongly ominous to the layering quality. That is 
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why liquid nitrogen temperatures were previously indispensable to get adequate layering in 
Ag/Ni multilayers [20,21,25,26], which is extremely inauspicious from a practical point of view. 
Here, we reveal a method to fabricate high quality Ag/Ni multilayers at room temperature by 
using magnetron sputtering and show the effect of Ni thickness variations on the structural and 
magnetic properties of Ag/Ni multilayers. We study the layering quality by x-ray scattering and 
electron microscopy and we also examine the changes in magnetic properties with the magnetic 
layer thickness. 
6.2 Experimental Details  
Silver nickel multilayers were grown in an ultrahigh vacuum system by using dc 
magnetron sputtering technique. The base pressure of the system was less than 2 x 10-9Torr and 
the operating pressure of Ar gas, with a purity of 99.9999%, was kept at 2.0 mTorr during the 
growth. Si (100) single-crystal substrates were used to grow all the samples at room temperature. 
All the substrates were baked at 550 0C for 30 minutes prior to deposition to remove surface 
impurities. During deposition, the substrates were rotated to get uniform thicknesses of the films. 
A buffer layer of Al0.7Zr0.3, 20 Å thick, was deposited on the substrate from an AlZr alloy target 
to eliminate crystallization at the substrate/film interface and to encourage layer-by-layer growth 
of the Ag and Ni. The growth of AlZr on Si substrates, has been shown to be amorphous and 
helps the stabilization of amorphous phases in various alloys [61,103]. 
The samples were grown with deposition rates of 1.21 Å /s, 1.05 Å /s and 0.44 Å/s for 
Ag, Ni and AlZr respectively as calibrated using X-ray reflectivity measurements. Ag, Ni and 
Al0.7Zr0.3 alloys were co-deposited from separate targets of 99.99% purity. The Ag/Ni bilayer 
was repeated 15 times and the first layer was Ag in all the cases. The layering of the samples is 
illustrated in Fig. 6.1. All the samples were capped with a 30 Å Al0.7Zr0.3 layer to prevent 
oxidation of magnetically active layers. For all the samples, the thickness of the Ni layer was 
varied between 5 and 25 Å whereas the thickness of the Ag layer was kept constant at 5 Å. 
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Figure 6.1: Schematic illustration of different Ag/Ni multilayers samples where x is the thickness of the 
Ni layer which varies in the range 5 to 25 Å. Al0.7Zr0.3 buffer layer of 20 Å was deposited on Si (100) 
substrate and then 15 repetitions of Ag/Ni bilayers were co-deposited from different targets on buffer 
layer of Al0.7Zr0.3. Finally, a 30 Å capping layer of Al0.7Zr0.3 was deposited on the top to prevent 
oxidation. 
Grazing incidence X-ray diffraction (GIXRD) with the incident angle fixed at ω = 10, X-
ray diffraction (XRD), X-ray reflectivity (XRR) and cross-sectional transmission electron 
microscopy (TEM) were used to carry out structural analysis. The GIXRD analyses were 
performed using Philips X’pert MRD machine with a mirror on the incident side and a flat 
graphite monochromator on the diffracted side. The XRD was carried out in a Bragg-Brentano 
geometry with a monochromator on the diffracted side. For the XRR analyses, we used the 
Bruker D8 with a Goebel mirror on the incident side. Both use Cu Kα radiation with wavelength 
λ = 1.5418 Å. By simulating the XRR data, the thicknesses of the layers, their densities and 
interface widths were determined. The transmission Electron Microscope (TEM) lamella cross-
section was prepared from the Ag (10 Å)/Ni (15 Å) film. The lamella was prepared with the help 
of Focused Ion Beam (FIB) in-situ lift-out method on a Strata DB235 FIB from FEI company 
with an accelerating voltage of 30 kV.  The sample was thinned to the order of 100 nm and then 
polished using gallium ions accelerated at 5 kV. The finished lamella had a t/λ thickness of < 0.6 
where λ is the electron mean free path.  The sample was investigated in a Tecnai F30 TEM (FEI 
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company) fitted with a SuperTwin objective lens operated at 300 kV. An Ultrascan 863 CCD 2K 
camera was employed to attain the images and a Tridiem Gatan Image Filter was used to get the 
Energy Filtered TEM (EFTEM) data (Gatan Inc.) 
Magnetic characterization of the Ag/Ni samples was carried out by magneto-optic Kerr 
effect (MOKE) measurements in the longitudinal geometry with an s polarized light. The 
samples were rotated around the azimuthal angle ϕ i.e. around the film normal and the full 
hysteresis loops were recorded at ϕ = 0°, 45° and 90°. All MOKE measurements were performed 
at room temperature. 
6.3 Results and Discussion 
 
6.3.1 X-ray Reflectivity 
According to XRR data, layering is clearly evident and first order Bragg peak 
corresponding to Ag/Ni multilayer period can be seen in all the samples. Fig. 6.2 shows some 
representative XRR scans. As the thickness of the Ni layer increases, so does the thickness of the 
bilayer which results in a shift of the Bragg peak towards smaller 2θ values [73,104,138]. Height 
of the Bragg peak increases with increasing Ni thickness because of the increased density 
contrast between the layers. There is also increase in width of the Bragg peak which is a sign of a 
smearing of the bilayer thickness, as a result of the increase in roughness with increasing total 
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Figure: 6.2: X-ray reflectivity scans for samples with varied Ni layer thickness as indicated in 
Ångströms. The scans are offset for clarity. First order multilayers peaks are clearly seen.  
  
68 
 
thickness. The narrow Kiessig fringes with a periodicity corresponding to the total thickness of 
the film are also visible. By considering the layer model shown in Fig. 6.1, the data can be fitted 
and such fits verify that the bilayer thicknesses are within 5% of the planned thickness. So as to 
imitate the anomalous width of the Bragg peaks, a linear increase of the interface roughness 
throughout the multilayer is assumed. However, the root-mean-squared roughness of the top 
layers is only about 1.5 nm for the 5/25 Å sample. 
6.3.2 Rocking Curves 
Transverse scans (rocking-curves) around the first order Bragg peak are shown in Fig. 
6.3. During these scans, the scattering vector length is set at the 2θ value of a Bragg peak 
whereas the incident angle omega is varied. The narrow and high and intensity profile around 
Δω = 0 corresponds to specular reflection while the broad background at higher Δω corresponds 
to diffuse scattering. In all multilayer samples, only a specular scattering contribution is 
observed, which is a sign of very low roughness. However, by increasing Ni thickness the 
specular peak is superimposed on a wide diffuse scattering background. Such diffuse scattering 
results from roughness of the bilayer which clearly increases with increasing Ni thickness.  
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Figure.6.3: Rocking-curves (Transverse scans) around the first order bilayer peaks of the Ag/Ni 
multilayers. The specular peak is shifted to zero ω = 0. The 5/10 Å and 5/25 Å sample scans are shifted 
up by a factor of 10 and 100 respectively.  
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In order to quantify this we plot the ratio of the specular peak area to the total scattering 
area in Fig. 6.2. With the increase in diffuse scattering, the fraction of specular scattering 
increases with increasing Ni thickness. This indicates that the layering is robust.  
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Figure. 6.4: The ratio of the area of the specular peak Aspec and the total area of the scattered X-rays Atot 
(specular and non-specular) as a function of the Ni layer thickness. An increase in the Aspec/Atot ratio is 
clearly seen with increasing thickness of magnetic layer.  
 
6.3.3 High angle θ–2θ X-ray diffraction 
On substrates, like amorphous SiO2,, where no epitaxial relationship with the Ag or Ni 
exists, both Ag and Ni grow with a [111] out-of-plane texture. This is due to the reason that the 
(111) planes are the planes having lowest surface energy in an fcc lattice. Even though a single 
layer of Ni has a clear [111] out-of-plane texture, the Ag/Ni 5/25 Å multilayer is only weakly 
[111] textured and can be seen, in Fig. 6.5, by the presence of a small, broad peak which is 
slightly shifted from the Ni (111) position. A clear multilayer peak emerges around a principal 
[111] peak, labelled ‘0’ in the Fig. 6.5.  
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Figure 6.5: High angle θ–2θ X-ray diffraction measurement for Ag/Ni 5/25 Å multilayer. The expected 
position of the Ag (111) and Ni (111) peaks is shown by the grey vertical lines and the label 0 represents 
the zeroth order peak. Model data is shown in red, arbitrarily scaled to make comparison easier.  
6.3.4 Grazing Incidence X-ray diffraction (GIXRD) 
A selection of GIXRD measurements from the Ag/Ni sample series is shown in Fig. 6.6. 
20 30 40 50 60 70 80
10
1
10
2
10
3
10
4
 
In
te
n
s
it
y
 (
a
rb
.u
n
it
s
)
2
Ni (111)
Ni (220)
Ag5Ni25
Ag5Ni5
Ni (200)
 
Figure 6.6: Grazing incidence x-ray diffraction measurements of Ag/Ni samples. The curves are shifted 
for clarity. 
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The periodic insertion of 5 Å of Ni disrupts the [111] texture resulting in a more random texture, 
which is also supported by the presence of Ni [111], [200] and [220] peaks in a grazing incidence 
diffraction geometry as shown in Fig. 6.6. The presence of well defined peaks shows that the 
film is polycrystalline. 
 
6.3.5 Energy Filtered TEM 
To confirm the layering quality and chemistry of the layers on a microscopic scale, an 
Energy Filtered TEM Spectral Image (EFTEMSI) was acquired for the 10/15 Å sample. A series 
of images generated using electrons that have lost a specific amount of energy were acquired in 
the range from 300 eV to 1000 eV loss using a 20 eV window and 20 eV step size at 60 second 
exposures. These images were subsequently drift corrected [139] and stacked together to form a 
3-dimensional data cube. The ionization edges for Ag-M4,5, Ni-L2,3, and O-K were identified and 
the pre-edge background for each of these was subtracted using a power-law fit over a 60 eV  
 
 
Figure 6.7: Energy filtered TEM spectral images of the Ag/Ni 10/15 Å sample. The ionization edges for 
Ag-M4,5, Ni-L2,3, and O-K are shown individually, and combined in an RGB composite. A clear chemical 
segregation is seen. 
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range. An integration window of 60 eV was then placed at a 20 eV distance from the edge onset, 
with the resulting images shown at right after high frequency noise reduction using a low-pass 
filter. The spread of pixel intensity values was optimized for viewing, meaning that these images 
only represent the qualitative distribution of these elements within the film. An RGB composite 
is provided below to assist with the interpretation of the data. 
The resulting data set confirms the good layering of the 10/15 Å film on the microscopic 
scale, with a well-segregated layered structure being the prominent feature. The individual layers 
are largely flat and extend over the entire investigated region. Some roughness in the individual 
layers can be observed; however, this does not appear to disturb the overall layering. A weak 
oxygen signal can also be observed within the multilayer film and is most closely correlated to 
the Ni layers. This is likely due to surface oxidation on the TEM lamella and is unlikely to be 
related to interlayer diffusion during film growth. 
6.3.6 Longitudinal MOKE 
The room temperature magnetic response of the samples, measured by longitudinal 
MOKE magnetometry can be seen in Fig. 6.8, for different Ni thicknesses. The shape of the 
hysteresis changes with increasing Ni thickness, from a fairly square-shaped loop to a more 
slowly varying magnetization. No significant change in the hysteresis appears on rotating the  
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Figure 6.8: Magnetic hysteresis loops, measured by longitudinal MOKE magnetometry for different Ni 
thicknesses. The samples were rotated around the azimuthal angle ϕ i.e. around the film normal and the 
full hysteresis loops were recorded at (a) ϕ = 0°, (b) ϕ =45° and (c) ϕ =90°. All MOKE measurements 
were performed at room temperature. A transition from a square to a more sloped hysteresis is observed 
with increasing Ni thickness. 
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sample around the azimuthal angle, showing that there is no in-plane anisotropy. This is 
consistent with the random in-plane crystalline texture observed in the TEM. 
Fig. 6.9 shows how the coercivity and remanent magnetization increase with increasing 
Ni thickness. The increase in remanence can be explained as follows: 
The magnetocrystalline anisotropy of Ni causes an arrangement of magnetization along the [111] 
crystal direction but the shape anisotropy causes an in-plane alignment of the magnetization [22].  
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Figure 6.9: The coercive field (blue squares) and remanence (red circles) for a range of Ni 
thicknesses is shown. Both coercive field and remanence increase with increasing Ni thickness. 
 
For weakly [111] textured thin-Ni multilayers, the magnetocrystalline anisotropy is 
dominant and the shape anisotropy is smeared out. As the magnetocrystalline anisotropy is still 
dominant so the result is an increase in the remanent magnetization. Moreover, such structural 
changes can also explain the increase in the coercive field where the erratically oriented grain 
boundaries in the thin Ni multilayers could act as pinning sites for domain walls.  
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Chapter # 7 
Study of Structural and Magnetic Properties of Ag/Ni Multilayers of Equal 
Thickness & the Effect of Annealing on their Structural and Magnetic 
Properties 
7.1 Introduction 
Immense interest has been developed in ultrathin metallic films and multilayers in recent 
years due to their novel structures and technological applications [6,140-141]. Extremely thin 
individual layers may display different properties from those of bulk materials and the 
communication between two elemental layers will possibly stimulate new effects. Magnetic 
anisotropy along with the coercivity, saturation magnetization, remanence, and Kerr rotation play 
a vital role in information storage/retrieval processes. Moreover, magnetic anisotropy may be 
caused by different mechanisms such as shape anisotropy, magnetocystalline anisotropy and 
magnetostriction etc. The magnetic properties of artificially fabricated multilayers strongly 
depend on their thorough structure and composition, which are determined by the growth 
conditions used during production.[142-144] 
However, in recent times, attention has been rehabilitated in these systems due to the 
opportunity of coupling the plasmonic properties of the noble metals with the magnetic 
properties of ferromagnets. Since Ag and Ni are immiscible and therefore they should produce 
sharp interfaces [20]. However, multilayers containing Ag are very challenging to produce 
because of the high mobility of Ag on substrates like SiO2 resulting in island growth [24] which 
is strongly unfavourable for the layering quality. Therefore, very low temperatures were 
previously required to obtain satisfactory layering in Ag/Ni multilayers [25-26], which is 
extremely detrimental from a practical point of view.  
Here, we reveal a way to get high quality Ag/Ni multilayers having equal thickness of Ag 
and Ni at room temperature by using magnetron sputtering. We also demonstrate the effect of 
annealing on the structural and magnetic properties of Ag/Ni multilayers. We study the layering 
quality by x-ray scattering and we also examine how the magnetic properties change with the 
increasing bilayer thickness and temperature. 
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7.2 Experimental Details  
Ag /Ni multilayers of equal thickness were developed in an ultrahigh vacuum system by 
using dc magnetron sputtering technique. Six numbers of samples namely Ag5/Ni5, Ag11/Ni11, 
Ag15/Ni15, Ag20/Ni20, Ag25/Ni25 and Ag30/Ni30 were developed. In sample Ag5/Ni5, Ag and Ni 
have thickness of 5Å each. In Ag11/Ni11, the thickness of both Ag and Ni is 11Å and so on. An 
Operating pressure of Ar gas, with a purity of 99.9999%, was kept at 2.0 mTorr and the base 
pressure of the system was less than 2 x 10-9 Torr during the growth. Single-crystal Si (100) 
substrates were used to produce all the samples at room temperature. All the substrates were 
annealed at 550 0C for 30 minutes prior to deposition to get rid of surface impurities. For having 
uniform thicknesses of the films, the substrates were rotated during the deposition. A 20 Å thick 
buffer layer of Al0.7Zr0.3 was deposited on the substrate from an AlZr alloy target to eradicate 
crystallization at the substrate/film interface and to support layer-by-layer growth of the Ag and 
Ni. The growth of AlZr on Si substrates, has been shown to be amorphous and helps the 
stabilization of amorphous phases in various alloys such as FeZr and SmCo [61,103]. 
The samples were prepared with deposition rates of 0.44 Å/s, 1.21 Å /s and 1.05 Å /s for 
AlZr, Ag and Ni respectively as calibrated using X-ray reflectivity measurements. Ag, Ni and 
Al0.7Zr0.3 alloys were co-deposited from separate targets of 99.99% purity. All the multilayers 
consist of 15 repetitions of Ag/Ni bilayers and Ag was the first layer in all the cases. The 
layering of the samples is illustrated in Fig. 7.1. To avoid oxidation of magnetically active layers, 
all the samples were capped with a 30 Å Al0.7Zr0.3 layer. For all the samples, the thickness of the 
Ag and Ni layer was varied between 5 and 30 Å whereas the thickness of the Ag and Ni layers 
was kept the same. 
In order to study the annealing effects on the structural and magnetic properties of Ag/Ni 
multilayers, samples Ag11/Ni11 and Ag30/Ni30 were annealed at 400K, 450k and 550K for five 
hours respectively.To carry out structural analysis, grazing incidence X-ray diffraction (GIXRD) 
with the incident angle fixed at ω = 10, X-ray diffraction (XRD), X-ray reflectivity (XRR) and 
cross-sectional transmission electron microscopy (TEM) were employed. The GIXRD analyses 
were performed using Philips X’pert MRD machine with a mirror on the incident side and a flat 
graphite monochromator on the diffracted side. The XRD was carried out in a Bragg-Brentano 
geometry with a monochromator on the diffracted side. For the XRR analyses, the Bruker D8 
with a Goebel mirror on the incident side was used. Both make use of Cu Kα radiation with 
77 
 
wavelength λ = 1.5418 Å. By simulating the XRR data, the thicknesses of the individual layers, 
their densities and interface widths were determined. The Transmission Electron Microscope 
(TEM) lamella cross-section was prepared from the Ag (10 Å)/Ni (15 Å) film. The lamella was 
prepared with the help of Focused Ion Beam (FIB) in-situ lift-out method on a Strata DB235 FIB 
from FEI company with an accelerating voltage of 30 kV.  The sample was thinned to the order 
of 100 nm and then polished using gallium ions accelerated at 5 kV. The finished lamella had a 
t/λ thickness of < 0.6 where λ is the electron mean free path.  The sample was investigated in a 
Tecnai F30 TEM (FEI company) fitted with a SuperTwin objective lens operated at 300 kV. An 
Ultrascan 863 CCD 2K camera was employed to attain the images and a Tridiem Gatan Image 
Filter was used to get the Energy Filtered TEM (EFTEM) data (Gatan Inc.) 
Magnetic characterization of the Ag/Ni samples was carried out by magneto-optic Kerr 
effect (MOKE) measurements in the longitudinal geometry with an s polarized light. The 
samples were rotated around the azimuthal angle ϕ i.e. around the film normal and the full 
hysteresis loops were recorded at ϕ = 0°, 45° and 90°. All MOKE measurements were taken at 
room temperature. 
 
 
Figure 7.1: Schematic illustration of different Ag/Ni multilayers samples having equal thicknesses where 
x is the thickness of the Ag and Ni layer which varies in the range 5 to 30 Å. Al0.7Zr0.3 buffer layer of 20 
Å was deposited on Si (100) substrate and then 15 repetitions of Ag/Ni bilayers were co-deposited from 
different targets on buffer layer of Al0.7Zr0.3. A 30 Å capping layer of Al0.7Zr0.3 was deposited finally on 
the top to prevent oxidation. 
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Figure 7.2: X-ray reflectivity scans for the samples having equal Ag and Ni layer thickness as indicated. 
Increase of both Ag and Ni thickness leads to higher order multilayers peaks. Scans are offset for clarity. 
 
7.3 Results and Discussion 
The layering is noticeably evident from XRR data which shows first, second and third 
order Bragg peaks corresponding to the Ag/Ni multilayer period in all the samples. Sample 
Ag11/Ni11 contains only first order Bragg peak, samples Ag15/Ni15 and Ag20/Ni20 contain first and 
second order Bragg peaks and Ag25/Ni25 contains first, second and third order Bragg peaks. Some 
representative XRR scans can be seen in Fig. 7.2. As the thickness of the bilayer increases, it 
results in a shift of the Bragg peaks towards smaller 2θ values [73,104]. 
The height of the Bragg peaks increases with increasing Ag and Ni thickness due to the 
increased density contrast between the layers. The Bragg peak width also increases which is a 
sign of smearing of the bilayer thickness, as a result of the increase in roughness with increasing 
total thickness. The narrow Kiessig fringes with a periodicity corresponding to the total thickness 
of the film and wide fringes corresponding to the capping layer thickness are also visible. The 
data can be fitted by assuming the layer model depicted in Fig. 7.1 and these fits verify that the 
bilayer thicknesses are within 5% of the intended thickness. In order to replicate the uneven 
width of the Bragg peaks, a linear increase of the interface roughnesses throughout the multilayer 
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is assumed. On the other hand, the root-mean-squared roughness of the top layers is only 
approximately 1.6 nm for the 25/25 Å sample. 
Rocking-curves (transverse scans) around the first order Bragg peak are shown in Fig. 7.3. 
During these scans, the scattering vector length is set at the 2θ value of a Bragg peak while the 
incident angle omega is changed. The high and narrow intensity profile around Δω = 0 
corresponds to specular reflection whereas the broad background at higher Δω corresponds to 
diffuse scattering. For the thinnest multilayer Ag5Ni5, only a specular scattering contribution is 
observed indicating a very low roughness but with increasing Ag and Ni thickness the specular 
peak is superimposed on a wide diffuse scattering background. Such diffuse scattering arises 
from roughness of the bilayer which clearly increases with increasing Ag and Ni thickness. In 
order to quantify this we have plotted the ratio of the specular peak area to the total scattering 
area in the Fig. 7.4. Regardless of the increase in diffuse scattering, the fraction of specular 
scattering increases with increasing bilayer thickness. This confirms that the layering is robust 
even in the thickest samples such as Ag25Ni25 and Ag30Ni30 where roughening is producing a 
considerable diffuse scattering contribution. 
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Figure 7.3: Transverse scans on the first order bilayer peaks of Ag/Ni multilayers are shown. The 
positions of the observed maxima are set to zero. 
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Figure 7.4: The ratio of the area of the specular peak Aspec and the total area of the scattered X-rays Atot 
(specular and non-specular), as a function of the Ni layer thickness. An increase in the Aspec/Atot ratio is 
clearly seen with increasing bilayer thickness d  
A selection of grazing incidence X-ray diffraction (GIXRD) measurements from the 
Ag/Ni sample series having equal Ag and Ni thickness is shown in Fig. 7.5. For the sample 
Ag5Ni5 having minimum bilayer thickness of 10 Å, Ni [111] and [200] peaks are present [138] 
but as the bilayer thickness increases due to the periodic increase of Ag and Ni, Ni [111], [200] 
and [220] peaks become more and more pronounced in a grazing incidence diffraction geometry 
as shown in Fig. 7.5. The GIXRD measurements of the samples Ag15Ni15 and Ag30Ni30 confirm 
that the films are polycrystalline. 
Ag and Ni both grow with a [111] out-of-plane texture on substrates like amorphous SiO2 
where no epitaxial relationship with the Ag or Ni exists [138]. This is because of the reason that 
the (111) planes are the planes of lowest surface energy in an fcc lattice [138]. The texture 
evolution of the Ag/Ni multilayers with increasing bilayer thickness is presented in our paper 
[138]. The periodic increase of bilayer thickness disrupts the [111] texture evolution resulting in 
a more random texture, which is also supported by the presence of Ni [111], [200] and [220] 
peaks in a grazing incidence diffraction geometry as shown in Fig. 7.5. 
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Figure 7.5: Grazing incidence X-ray diffraction measurements of Ag/Ni samples. The curves are shifted 
for clarity. 
 
In order to confirm the elemental separation and layering quality of the Ag/Ni multilayers, an 
electron energy loss spectral image map was obtained for the Ag20Ni25 sample [138]. An 
apparent difference between the Ag and Ni layers is thus revealed. The layers nearest to the SiO2 
surface are fairly flat, but with the increase of film thickness, the layers begin to bend in unison, 
forming a wavy structure with a domain size on the order of some 50 nm. In spite of this 
bending, the layers maintain their connectivity. Excellent chemical separation of the layers is 
also demonstrated in [138]. 
Fig. 7.6 shows the X-ray reflectivity scans for the samples Ag11Ni11 and Ag30Ni30 annealed at 
400K, 450K and 550K for 5 hours respectively. As the temperature increases, it results in a shift 
of the Bragg peaks towards greater 2θ values [21,22]. The height of the Bragg peaks decreases 
with increasing temperature and the Bragg peak width also decreases which is a sign of decrease 
of robustness of multilayers. It is quite obvious that the wide fringes corresponding to the 
capping layer thickness and narrow Kiessig fringes with a periodicity corresponding to the total 
thickness of the film are also deteriorated.  
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Figure. 7.6: X-ray reflectivity scans for the samples having equal Ag and Ni layer thickness as indicated. 
(a) Represents X-ray reflectivity scans for the sample Ag11Ni11 annealed at 400K, 450K and 550K 
respectively. (b) Represents X-ray reflectivity scans for the sample Ag30Ni30 annealed at 400K, 450K and 
550K respectively. The scans are offset for clarity. 
 
Transverse scans around the first order bilayer peaks of Ag11Ni11 and Ag30Ni30 multilayers at 
room temperature, 400K, 450K and 550K respectively are shown in Fig. 7.7. During these scans, 
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the length of scattering vector is set at 2θ value of a Bragg peak while the incident angle omega 
is changed and the high and narrow intensity profile around Δω = 0 corresponds to specular 
reflection whereas the broad background at higher Δω corresponds to diffuse scattering. For the 
thinnest multilayer Ag11Ni11 at room temperature RT, only a specular scattering contribution is 
observed indicating a very low roughness but with increasing temperature the specular peak is 
superimposed on a wide diffuse scattering background. Such diffuse scattering arises from 
roughness of the bilayer which clearly increases with increasing temperature indicating an 
increase in roughness. For the thickest multilayer Ag30Ni30 at room temperature RT, again a 
specular scattering contribution is observed representing a very low roughness. But when the 
temperature is raised to 400K, 450K and 550K respectively, the roughness is observed to 
increase and consequently the robustness of multilayers is decreased. Moreover, the ratio of the 
specular peak area to the total scattering area (not shown) also decreases in case of annealed 
samples of Ag11Ni11 and Ag30Ni30 indicating a decrease of robustness of layers. 
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Figure 7.7: Transverse scans around the first order bilayer peaks of (a) Ag11Ni11 multilayers at room 
temperature, 400K, 450K and 550K (b) Ag30Ni30 multilayers at room temperature, 400K, 450K and 550K 
are shown. The positions of the observed maxima are set to zero. 
Room temperature magnetic measurements of the samples were taken by using the 
Magneto Optical Kerr Effect (MOKE). The magnetic hysteresis loops, measured by longitudinal 
MOKE magnetometry using polarized light, can be seen in Fig. 7.8(a), for different Ag/Ni 
multilayers having equal Ag and Ni thicknesses. All Ag/Ni multilayers samples were rotated 
around the azimuthal angle i.e. around the sample normal and the full hysteresis loops were 
recorded at 00, 450, 900respectively. With the increase of bilayer thickness, the shape of the 
hysteresis changes, from a rather square-shaped loop to a more slowly changing magnetization. 
Rotating the Ag/Ni samples around the azimuthal angle discloses no considerable change in the 
hysteresis, showing that there is no in-plane anisotropy. Fig. 7.8(b) shows how the coercivity and 
remanent magnetization increase with increasing bilayer thickness. The increase in remanence 
can be explained by the competing anisotropies induced by the increasing out-of-plane [111] 
texture of the multilayers with increasing bilayer thickness. The shape anisotropy favours an in-
plane alignment of the magnetization while the magnetocrystalline anisotropy of Ni will favour 
an alignment of magnetization along the [111] crystal direction [27]. For the arbitrarily textured 
thin Ag/Ni multilayers of equal Ag and Ni thickness, the shape anisotropy is dominant and the 
magnetocrystalline anisotropy is smeared out, resulting in in-plane alignment of magnetization 
with a remanence. Since the [111] out-of-plane texturing increases, the magnetocrystalline 
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anisotropy introduces an anisotropy energy term which favours out-of-plane alignment. Since the 
shape anisotropy is not dominant in this case, so remanent magnetization is increased.  
Captivatingly, no transition from ferromagnetic interlayer coupling to antiferromagnetic 
coupling is observed, as formerly experienced in Ag/Ni multilayers in this thickness regime [18]. 
This was attributed to the oscillatory nature of the RKKY interlayer exchange coupling with the 
non-magnetic spacer layer thickness. This may be due to the possibility that the interlayer 
coupling could be dependent on the texture of the multilayer. Formerly, the peak in the 
antiferromagnetic coupling has been found for silver thickness in the order of 11 Å [18] but in 
case of our samples of similar thickness the texturing is relatively weak. This may be due to the 
reason that the randomness in the grain orientations and the associated small grain size result in a 
disturbance of the RKKY coupling. 
-3 -2 -1 0 1 2 3
-1
0
1
 
 
 Ag
30
Ni
30
 Ag
25
Ni
25
 Ag
20
Ni
20
 Ag
15
Ni
15
 Ag
11
Ni
11
 Ag
5
Ni
5
N
o
rm
a
liz
e
d
 M
a
g
n
e
ti
z
a
ti
o
n

0
H(mT)
 
                (a) 
 
86 
 
10 20 30 40 50 60
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
 Coercivity
Remanence
Bilayer thickness (Å)
H
c
 (
m
T
)
0.70
0.72
0.74
0.76
0.78
0.80
0.82
0.84
0.86
M
R /M
S
   (m
T
)
 
                  (b) 
Figure 7.8: (a) Magnetic hysteresis loops, measured by longitudinal MOKE magnetometry for different 
Ag/Ni multilayers samples having same Ag and Ni thickness. All measurements were taken at room 
temperature. A transition from a square to a more sloped hysteresis is observed with increasing bilayer 
thickness. (b) coercive field and remanence versus bilayer thickness have been plotted for a range of 
Ag/Ni compositions. 
 
Fig.7.9 shows magnetic hysteresis loops, measured by longitudinal MOKE magnetometry 
for Ag11Ni11and Ag30Ni30 multilayers samples at RT. 400K, 450K and 550K respectively. All 
measurements were recorded at room temperature. A transition from a square to a more sloped 
hysteresis is observed with increasing temperature. Tables 7.1 & 7.2 show the coercivity and 
saturation field values for as deposited and annealed Ag11Ni11and Ag30Ni30 multilayers samples. 
Coercivity and saturation field values are found to be maximum at annealing temperature of 
550K. 
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Figure 7.9: Magnetic hysteresis loops, measured by longitudinal MOKE magnetometry for Ag11Ni11and 
Ag30Ni30 multilayers samples at RT. 400K, 450K and 550K respectively. All measurements were taken at 
room temperature. A transition from a square to a more sloped hysteresis is observed with increasing 
bilayer thickness. 
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Table 7.1 shows the coercive field and saturation field values for Ag11Ni11 sample 
at RT, 400K, 450K and 550K respectively.   
Sample Coercive field (mT) Saturation field (mT) 
Ag11Ni11 at RT 0.30 0.55 
Ag11Ni11 at 400K 0.28 1.23 
Ag11Ni11 at 450K 0.30 1.35 
Ag11Ni11 at 550K 0.99 2.40 
 
Table 7.2 shows the coercive field and saturation field values for Ag30Ni30sample 
at RT, 400K, 450K and 550K respectively.   
Sample Coercive field (mT) Saturation field (mT) 
Ag30Ni30 at RT 1.03 3.60 
Ag30Ni30 at 400K 0.95 6.04 
Ag30Ni30 at 450K 0.84 2.70 
Ag30Ni30 at 550K 4.31 9.73 
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Chapter # 8 
8.1 Conclusions 
This chapter contains the conclusions drawn from all the experiments that have been 
performed for the present PhD work. DC magnetron sputtering technique was successfully 
employed to deposit Ag/Ni multilayers and SmCo5 amorphous thin films in an ultrahigh vacuum 
system. The base pressure of the system was less than 9 x 10-9 mbar and the pressure of the Ar 
gas during growth (with a purity of 99.9999%), was 2.7 x 10-3 mbar. All the samples were grown 
on Si single-crystal substrates with the native oxide intact. The growth was carried out at room 
temperature but the substrates were annealed at 550 °C for 30 minutes prior to deposition to 
remove surface impurities. The conclusion of the present PhD work is given as under: 
In the first experiment, we have shown that Ag/Ni multilayers, with robust layering, can 
be grown on Si substrates at room temperature using standard dc magnetron sputtering 
techniques. This is achieved by using a buffer layer of AlZr that facilitates wetting of the 
substrate, even by a material such as Ag which has a strong tendency to cluster and form large 
3D islands on oxide surfaces. The ability to grow Ag/Ni multilayers at room temperature, makes 
the manufacturing of magnetoplasmonic structures based on these materials viable. Furthermore, 
the approach demonstrated here can no doubt be applied in a variety of other materials systems 
where high quality layering is crucial.  
In the second experiment, a strong thickness dependence of the magnetic properties of 
amorphous SmCo thin ﬁlms is observed in the range from 2.5 to 100 nm. For ﬁlms thinner than 
20 nm, the induced in-plane magnetic anisotropy decreases when the ﬁlm thickness is decreased 
as a result of a strong interface related anisotropy. The coercivity dependence can be divided into 
two different regimes: below 3.75 nm the coercivity is strongly affected by decrease of the short 
range chemical order while at thicknesses above 3.75 nm the interface contribution dominates 
the response. The angle of the zigzag domain walls decreases when the ﬁlm thickness increases, 
as seen by magnetic imaging. The possibility to tune the magnetic properties of amorphous 
SmCo5 ﬁlms by changing the ﬁlm thickness make them highly interesting from both a 
fundamental and a practical point of view. By incorporating patterned nanostructures [137] it 
will be possible to delve even further into the fundamental effects of conﬁnement on the 
magnetic properties. 
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In the third experiment, we have shown that Ni thickness dependent Ag/Ni multilayers, 
with robust layering, can be developed on Si substrates at room temperature by magnetron 
sputtering technique. The increase in thickness of the Ni layer results in a shift of the Bragg peak 
towards smaller 2θ values [138]. Height of the Bragg peak increases with increasing Ni thickness 
because of the increased density contrast between the layers. There is also increase in width of 
the Bragg peak which is a sign of a smearing of the bilayer thickness, as a result of the increase 
in roughness with increasing total thickness. The narrow Kiessig fringes with a periodicity 
corresponding to the total thickness of the film are also visible. Furthermore, the magnetic 
properties change with varying magnetic layer thickness. The coercivity and remanence 
magnetization are found to increase with increasing Ni thickness. 
In the fourth and the last experiment, we have grown Ag/Ni multilayers at room temperature 
having equal thicknesses of Ag and Ni on Si substrates by magnetron sputtering. The layering is 
noticeably evident from XRR data which shows first, second and third order Bragg peaks 
corresponding to the Ag/Ni multilayer period in all the samples. Sample Ag11/Ni11 contains only 
first order Bragg peak, samples Ag15/Ni15 and Ag20/Ni20 contain first and second order Bragg 
peaks and Ag25/Ni25 contains first, second and third order Bragg peaks. The structural and 
magnetic properties are observed to change with increasing bilayer thickness and annealing 
temperature. When the temperature is raised to 400K, 450K and 550K respectively, the 
roughness is observed to increase and consequently the robustness of multilayers is decreased. 
Furthermore, coercivity, remanence and saturation magnetization are also increased with 
increasing bilayer thickness and annealing temperature. Coercivity and saturation magnetization 
are found to be maximum at annealing temperature of 550K. 
8.2 Outlook for Future Work 
 Ag/Ni multilayers can be deposited in the presence of magnetic field and their 
magnetoresistance and magneto-optical response can be studied. 
 Ag/Ni multilayers, with Ni as first layer, can be grown and their properties may be 
compared with the Ag/Ni multilayers having Ag as first layer. 
 Transport properties of Ag/Ni multilayers prepared at room temperature may be studied. 
 For SmCo films, annealing of the films under vacuum can be carried out & their hard 
magnetic properties can be studied. 
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